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• Sea quark PDFs ↔ gluon PDF• Valence quark PDFs 
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Define “CSV” PDF combinations 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Charge symmetry violation

Strong → quark masses QED → photon radiation
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Charge symmetry is not a symmetry of nature 
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Implications of CSV at the EIC

• Weak neutral current couplings 

• Weak mixing angle
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FIG. 1. (Color online) SoLID spectrometer for the PVDIS
program.

is the fractional energy loss of the incident electron. The
a1,3 terms are
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The F �Z

1,3 functions are ��Z interference structure func-
tions. In the parton model at the leading order, they can
be written as:

F �Z

1 =
X

f

eqf (gV )qf (qf + q̄f ), (5)

F �Z

3 = 2
X

f

eqf (gA)qf (qf � q̄f ). (6)

The vector couplings gV of quarks and electrons are a
function of sin2 ✓W . For an iso-scalar target, such as a
deuteron in the valence region, which carries the same
amount of u and d quarks, the contributions from PDFs
cancel in ratio in a1,3 terms, hence the APV is sensi-
tive to sin2 ✓W directly: APV ⇡ 20

3 sin2 ✓W � 1. Figure
2 shows the sin2 ✓W projection from SoLID along with
other existing and proposed measurements.

In the context of new physics searches, PVDIS can
not be described only by the one-boson exchange. The
e↵ective electron-quark couplings in terms of individual
gA and gV are not valid anymore. Instead, the e↵ective
weak coupling constants C1q,2q are used. In the leading
order of one-boson exchange, they correspond to [9]:

C1u = 2ge
A
gu
V
, C2u = 2ge

V
gu
A
, (7)

C1d = 2ge
A
gd
V
, C2d = 2ge

V
gd
A
, (8)
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FIG. 2. (Color online) The sin2 ✓W projection from SoLID
project along with other existing or proposed measurements
[8].
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Figure 4: Axes are linear combinations of axial-vector quark-electron and vector-axial quark-electron
effective coupling constants. Left: The phase-space of the axial-vector and vector-axial electron-quark
effective coupling constants can be constraints by using SoLID PVDIS measurements combined with other
precision measurements. Present measurements predict non zero electron-quark coupling constants and an
agreement with the SM predictions [11]. Right: A polar plot of the mass scales of new parity violating
physics interactions assuming a new physics coupling strength of g2 = 4p . The small brown color region
shows present reach of the mass scales based on combined results from 6 GeV PVDIS and other precision
experiments [11] while the large orange color region is the expanded sensitivity assuming final precision
from Qweak [2] and SoLID PVDIS.

kinematic range. The proposed two different electron beam energies, at 11 GeV and 6.6 GeV, will
provide range of Q2 values for each xbjk.

The cryogenic solenoidal magnet from CLEO-II experiment will be refurbished and imple-
ment as the SoLID magnet after certain modifications to match SoLID specifications. Gas Electron
Multiplier detectors (GEMs) will be used as tracking detectors implemented within the solenoidal
magnetic field and in downstream of the magnet where main particle detectors are located [12].
The light gas Cerenkov and the electromagnetic calorimeter will primarily be used to particle iden-
tification and reject the pion background [12]. The proposed data acquisition (DAQ) system will be
based on pipe-lined electronics for triggering and data readout to accommodate very high rates of
above 1 MHz. The detectors will be triggered and readout independently for azimuthally separated
sectors to increase the readout rate. An upgraded Compton polarimeter and a superconducting
Møller polarimeter will both assumed to be readily available by the time SoLID program will start
taking data.

4. Summary

The SoLID apparatus is design to have a broad physics program. The PVDIS program dis-
cussed in the proceeding is only a part of this physics program. The semi-inclusive deep inelastic
scattering (SIDIS) program using SoLID will measure single and double spin asymmetries to ac-
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FIG. 3. (Color online) The phase-space of the linear combina-
tions of axial-vector and vector-axial electron-quark e↵ective
coupling constants for existing measurements [7] and a pro-
jection including measurements from SoLID project.

where gA and gV are the axial and vector couplings of
electrons and up/down quarks. If one neglects sea quarks
in the valence region, then

a1 =
6

5
(2C1u � C1d), a3 =

6

5
(2C2u � C2d). (9)

At large y, APV is sensitive to the C2q, the coupling
that can’t be studied in low energy reactions due to
large and uncertain radiative corrections. Figure 3 shows
existing and expected results on linear combinations of
electron-quark weak coupling constants for existing mea-
surements and a projection after including measurements
from SoLID proposal.
By measuring C1q,2q, one can set constraints on new

contact interactions, such as a possible lepto-phobic Z
boson. To quantify and compare the physics reach of
various experiments, one can quote mass limits within

• The combination                     is known to within ~50% from the JLAB 6 GeV experiment:

• The combination                      is severely constrained by Qweak and Atomic Parity violation.       
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Abstract. A high intensity polarized positron beam, as part of the JLAB 12 GeV program or the proposed electron-ion collider
(EIC), will provide a unique opportunity for testing the Standard Model (SM) and probing for new physics. High lumninosity
and the combination of polarized electrons and positrons incident on protons and deuterons can isolate important e↵ects, enhance
signal over background, and distinguish between possible new physics scenarios. A comparison of cross sections between polarized
electron and positron beams will allow for a precision extraction of the poorly known weak neutral current coupling combination
2C3u�C3d and would complement the proposed plan for a precision extraction of combination 2C2u�Cd at the EIC. These precision
measurements of these neutral weak couplings would constrain new physics scenarios including Leptoquarks, R-parity violating
supersymmetry, and electron and quark compositeness in a manner that complements limits from other low energy experiments and
colliders. The dependence of the charged current cross section on the longitudinal polarization of the positron beam will provide
independent probes to test the chiral structure of the electroweak interactions, constraing Left-Right symmetric models. A polarized
positron can probe charged lepton flavor violation (CLFV) through a search for e

+ ! ⌧+ transitions in a manner that is independent
and complementary to the proposed e

� ! ⌧� searches at the EIC.

INTRODUCTION

EIC luminosity ⇠ 1033�34 cm�2
s
�1

p
s ⇠ 10 � 100 GeV, upgradable to

p
s ⇠ 150 GeV

12 GeV, luminosity ⇠ 1039 cm�2
s
�1

2C1u �C1d

NEUTRAL WEAK COUPLINGS

For electron-hadron scattering, the weak neutral current can be parameterized in terms of contact interactions
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in the region where the virtuality of the exchanged boson satisfies Q
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2
Z
, where MZ is the Z-boson mass and

GF denotes Fermi’s constant. The Ciq coe�cients denote the e↵ective couplings and in the single boson exchange
approximation in the Standard Model (SM), they take the form C1q = g
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Going beyond the single boson exchange approximation, the e↵ective couplings can no longer be written as products
of the electron and quark weak couplings and are instead denoted by C1q = g

eq

AV
,C2q = g

eq

VA
,C3q = g

eq

AA
. A comparison

of the measured values of the Ciq couplings with the SM predictions can be used to set limits of the scale ⇤ at which
new interactions may arise. At low energies, well below the scale ⇤, these new interactions can be parametrized by
the e↵ective Lagrangian:
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where the mass limit for ⇤ is defined with the convention g
2 = 4⇡. The coe�cients ⌘`q

i j
take on the values of either +1

or �1, allowing for the possibility of constructive or destructive interference with the SM contributions. These new
The Ciq coe�cients can now be written as the sum of the SM and new physics contributions Ciq = Ciq(SM) + �Ciq,
where:
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Precision measurements of the Ciq constrain the deviations the possible deviations �Ciq which can be converted into
a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q

i j
.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
g

e

V
⇡ 0). They have been recently accessed through parity violating deep inelastic scattering which uses polarized

electron beams to measure the cross section asymmetry between left-handed and right-handed electrons

APV =
d�L � d�R

d�L + d�R

. (9)

Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.
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Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.
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Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.

• The JLAB 12 GeV (SoLID) program is expected to measure                       to within 10%. 
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is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
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• The EIC can further improve on the JLAB 12 GeV expected result by a factor of 2 or 3 at 100fb^(-1).

Status of WNC Couplings

    
[Y.X.Zhao (SoLID Collaboration)]
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Fig. 8: (Color Online) The projected uncertainties on the weak mixing angle vs. average µorQ of the measurement are
shown at the appropriate average µ (or Q) values for the integrated luminosity of 267 fb�1 per nucleon in electron-
deuteron collisions for di↵erent energy configurations at an EIC. The existing measurements and other projected
determinations at lower µ anticipated over the next decade are also shown for comparison. The scale dependence of
the weak mixing angle is defined in the modified minimal subtraction scheme (MS scheme) [25].

into account the corrections of QED radiation of scattered
electrons at next-to-leading order accuracy and bin mi-
grations due to finite detector resolutions. Di↵erent beam
energy configurations, under discussion for a future EIC
have been investigated.

The ��Z interference structure functions provide unique
combinations of unpolarized and polarized PDFs in the
parton model. Moreover, they have direct sensitivity to
unpolarized and polarized strange quark distributions. Along
with the charged-current mediated structure functions [5],
these structure functions could be very impactful input
for a clean extraction of individual PDFs. The combined
measurements also provide an opportunity to test SU(3)
flavor symmetry. The study shows that higher center-of-
mass with high luminosity is favorable for such extraction.
The major systematic uncertainty of such measurements
stems from the uncertainties in the measurements of the
polarization of the electron and proton beams. The re-
quirement on the accuracy of electron (proton) beam po-
larimeters is < 1% (< 3%). A recent combined analysis
with unpolarized data from both H1 and ZEUS at HERA
has showed a slightly better precision on the F �Z

3 measure-
ment [26]. However, the study proposed at an EIC would
be far more powerful in constraining F �Z

1 since it is the
dominant contribution to the parity-violating asymmetry.

The measurements of the weak mixing angle accessible
at a future EIC are in a unique Q2 region where there are
no proposed measurements in the following decade. Pio-
neering measurements in this region were carried out by
HERA. A combined QCD analysis on the weak mixing an-
gle at HERA covers a broad high Q2 region [27], while the
precision is significantly lower in the Q2 region covered by
the proposed EIC measurements. The impact of the mea-
surements will depend on the status of searches for physics
beyond the Standard Model. There could be growing in-
terest in such measurements depending on the outcomes
of new physics searches at the LHC and elsewhere.

Armed with these results, a comprehensive study on
PDF fits is planned for both unpolarized and polarized
distributions. The study will be focused on the impact on
individual PDFs when combining data of di↵erent world
data subsets with EIC projections. It might be interesting
to know how well the s and �s distributions could be
constrained without using semi-inclusive measurements.
Another interesting topic is the impact of the improved
unpolarized PDFs to LHC physics with EIC data.

In summary, a future EIC, with its high energy and
high luminosity, opens up a new window for the study
of neutral current electroweak physics. New unpolarized
and polarized � � Z interference structure functions can

(SI)DIS cross-sections 
at the EIC 

Disentangle contributions from 

• CSV 

• Heavy flavour 

• Sea quarks 

• Gluons 

• Nuclear effects



CSV in DIS cross-sections
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their coe�cient functions that counter the discon-
tinuities that arise in their parton distributions at
the matching points.

The cross section for scattering of a left (L) or
right (R) handed charged lepton in neutral current
(NC) deep inelastic scattering reactions has the
form
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This process is shown schematically in Fig. 1. In
Eq. (6) ↵ is the electromagnetic coupling, MZ is
the mass of the Z

0 boson, and ✓W is the Weinberg
angle. We define the quantities

f1(x, y) ⌘ 1� y �
xyM

2

s
,

f2(y) ⌘ y �
y
2

2
. (7)

In Eq. (7), M is the nucleon mass. These equations
are usually evaluated at very high energies where
xyM

2
<< s, so we generally neglect this term; in

this case for the remainder of this paper we will
approximate f1(x, y) ⇡ f1(y) = 1� y.

Either a photon or Z boson can be exchanged in
this process. The relativistic invariants in Eq. (6)
are Q

2 = �q
2, the square of the four momentum

transfer for the reaction, x and y. For four momen-
tum k (p) for the initial state lepton (nucleon), we
have the relations

x =
Q

2

2p · q
; y =

p · q

p · k
;

s = (k + p)2 . (8)

Explicit expressions for the structure functions Fi

in terms of parton distribution functions are given
in Sec. II C below.

In Eq. (6), we have
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FIG. 1: Schematic picture of deep inelastic scattering
of charged leptons from a nucleon. Neutral-current
electroweak interactions involve exchange of a photon
or Z0.

FIG. 2: Schematic picture of deep inelastic scattering
involving the charged-current weak interaction initi-
ated by charged leptons. An intermediate W is ex-
changed between the leptons and the nucleon.
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The most general form of the cross section
for charged current (CC) interactions initiated by
charged leptons on nucleons can be written
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This process is shown schematically in Fig. 2. It
involves a charged virtual W

± of momentum q be-
ing interchanged between the lepton/neutrino ver-

FIG. 3: Schematic picture of deep inelastic scatter-
ing of neutrinos through neutral-current interactions
mediated by Z0 exchange.
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Neutral current interactions
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e.g., for isoscalar target N0

Careful! Nuclear vs nucleon 
PDFs (even for deuteron) 



their coe�cient functions that counter the discon-
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Charged current interactions

e.g., for isoscalar target N0

d
2
�

l
+(l�)

CC

dx dy
=

⇡s

2

✓
↵

2sin2
✓W (M2

W + Q2)

◆2

⇥


xy

2
F

W
±

1 (x, Q
2) + f1(y)FW

±

2 (x,Q
2)

⌥ f2(y)xF
W
±

3 (x, Q
2)

�
. (10)

2F
W

+
N0

1 (x, Q
2)! u

+(x) + d
+(x) + 2s(x)

¯
!

+ 2c̄(x)� �u(x)� �d̄(x) ;

Note: CSV contributions 
aren't purely valance



Fractional 
partonic 

CSV

Phiala Shanahan, MIT

Charge symmetry violation

�q

q
⇠

�m

hMi

Quark mass 
differences ~1-5MeV

Effective mass of system 
w/ quark removed 

• Valence quark: ~500MeV 

• Sea quark ~1.3GeV

How large is CSV in parton distribution functions? 

CSV in valence 
quark PDFs

CSV in sea 
quark PDFs

Expectation: >

General quark model arguments:



• Partonic CSV not directly resolved in experiment: bounds at few%-10%  
[Indirect evidence: global fits accommodate CSV] 

• Theory and lattice QCD calculations suggest ~1% level in valence PDFs 

‣ Lattice QCD → lowest moments 

‣ Models: for moderate x (x >~0.1) 

• Small, BUT could explain significant  
fraction of NuTEV anomaly

|�uv(x) + �dv(x)| << |�uv(x)� �dv(x)|

Phiala Shanahan, MIT

Charge symmetry violation

Young, PES, Thomas [arXiv:1312.4990]

How large is CSV in the parton distribution functions? 



Indirect measure of Paschos-Wolfenstein ratio: 

Phiala Shanahan, MIT

NuTeV experiment

RPW =
�⌫ A
NC � �⌫̄ A

NC

�⌫ A
CC � �⌫̄ A

CC

! 1

2
� sin2 ✓W

This simplification  
relies on assumptions: 

• Exact charge symmetry 

• Vanishing partonic 
strangeness 

• Isoscalar nucleus with 
no nuclear effects 

• No higher-twist effects 

s(x)� s̄(x)

Discrepancy from SM



Correction to the Paschos-Wolfenstein ratio from CSV 

Extensive literature discussing further corrections  
incl. Non-isoscalar nucleus, strangeness 

• Bentz, Cloet, Londergan & Thomas PLB(2010) 

• Davidson, Forte, Gambino, Rius, Strumia JHEP 02 (2002) 037 

• Londergan, Thomas Phys.Lett.B 558 (2003) 132 

• Gluck, Jimenez-Delgado, Reya Phys.Rev.Lett. 95 (2005) 022002 

• Diener KP, Dittmaier, Hollik, Phys.Rev. D72:093002 (2005), 

• Hirai, Kumano, Nagai, Phys.Rev. D71:113007 (2005) 

• Brodsky, Schmidt, Yang, Phys.Rev. D70:116003 (2004) 

• …

�RCSV
PW =

1

2

✓
1� 7

3
sin2 ✓W

◆
hxi�u� � hxi�d�

hxiu� + hxid�

Phiala Shanahan, MIT

Implication CSV for NuTeV

Moments of PDFs 

Calculable in lattice 
QCD

hxiq =

Z
x q(x)dx
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• For small breaking in the u-d quark masses  
 

 
 

• SU(3) symmetry: fit isospin symmetric lattice results for hyperons 
(exploit use of non-physical quark masses in lattice QCD) 

                  Determines CSV parameters in EFT 

Indirect lattice QCD determination of first moment of 
CSV PDFs  

[Shanahan, Thomas & Young, PRD(2013)094515] 
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Indirect lattice QCD determination of first moment of 
CSV PDFs  

[Shanahan, Thomas & Young, PRD(2013)094515] 

Our result

Phiala Shanahan, MIT

CSV moments from lattice QCD

Shanahan, Thomas & Young, PRD(2013)094515

This result + CSV from 
QED parton evolution  

            NuTeV anomaly  
            reduced by ~1! 



depends only on x while the sea-valence term de-
pends upon both x and x⇡. If the CSV term is suf-
ficiently large, the process of extracting the CSV
distributions may have to be carried out in an it-
erative fashion.

2. Parity-Violating Asymmetry in Electron
Scattering

The observation of parity violation in the scat-
tering of polarized electrons from the deuteron,
carried out in 1978 by Prescott et al. [139], played
a major role in validating the Standard Model. Re-
cent advances in the technology of parity-violating
experiments provide the possibility of repeating
such experiments with an increase in precision
of better than an order of magnitude [111, 140].
These new experiments would allow a new pre-
cision measurement of the Weinberg angle, they
could probe physics beyond the Standard Model
at the multi-TeV scale, and could provide tight
constraints on nucleon parton distribution func-
tions at large Bjorken x. In particular, the ratio
d(x)/u(x) at very large x is not well determined
[142]. As we will show, parity-violating electron
scattering also has the possibility of observing par-
ton charge symmetry violation at large Bjorken x.

The parity violating (PV) asymmetry AP V for
electron scattering on a nucleon can be written to
lowest order in the � � Z interference in terms of
the structure functions
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e

V = �1 + 4sin2
✓W , g

e

A = �1 . (66)

In Eq. (66), we have dropped some small correc-
tions to the quantity f(y) and we have assumed
the Bjorken limit where the longitudinal cross sec-
tion is negligible relative to the transverse cross
section. The additional terms are included in work
by Hobbs and Melnitchouk [141]. In the proposed
JLab PV experiment, the incident electron energy
E will be in the range 10-11 GeV and the outgoing
E
0 will run from 2 to 4 GeV. The parton model

expressions for the ratios of structure functions are
given by the quantities r1 and r2 in Eq. (66).

If we confine our attention to the region of x

above 0.3 then the contribution to Eq. (66) from
sea quarks should be quite small. Assuming that
electron-deuteron scattering is given by the im-
pulse approximation (the sum of scattering from
proton plus neutron), and also assuming parton
charge symmetry the expression for PV e�D scat-
tering can be written

A
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In Eq. (67), for couplings at tree level we have
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In Eq. (68), the quark vector couplings are given
in Eq. (27), and the quark axial couplings are

g
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1
2
, g

d

A = �
1
2
. (69)

In this region, and with these assumptions, the PV
asymmetry for e � D scattering depends weakly
on y (the second term in Eq. (67) is significantly
smaller than the first term) and is independent of
x and of quark PDFs.

We can now include the lowest-order CSV con-
tribution to the parity-violating e�D asymmetry.
In Eq. (67), the terms a

d
1 and a

d
3 are modified to
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(70)

We note that in Eq. (70), the largest contribution
to the CSV e↵ect in the parity-violating electron
scattering asymmetry comes from the CSV contri-
bution to the denominator, i.e. from the structure
function F

� D

1 (x) (this is the origin of the 3/10
term). The CSV terms will produce a correction
to the PV asymmetry which has a characteristic
dependence on Bjorken x.

Fig. 20 plots the change in the e�D PV asym-
metry �A

eD
P V /A

eD
P V arising from CSV e↵ects, cal-

culated by Hobbs and Melnitchouk [141]. This is
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depends only on x while the sea-valence term de-
pends upon both x and x⇡. If the CSV term is suf-
ficiently large, the process of extracting the CSV
distributions may have to be carried out in an it-
erative fashion.

2. Parity-Violating Asymmetry in Electron
Scattering

The observation of parity violation in the scat-
tering of polarized electrons from the deuteron,
carried out in 1978 by Prescott et al. [139], played
a major role in validating the Standard Model. Re-
cent advances in the technology of parity-violating
experiments provide the possibility of repeating
such experiments with an increase in precision
of better than an order of magnitude [111, 140].
These new experiments would allow a new pre-
cision measurement of the Weinberg angle, they
could probe physics beyond the Standard Model
at the multi-TeV scale, and could provide tight
constraints on nucleon parton distribution func-
tions at large Bjorken x. In particular, the ratio
d(x)/u(x) at very large x is not well determined
[142]. As we will show, parity-violating electron
scattering also has the possibility of observing par-
ton charge symmetry violation at large Bjorken x.

The parity violating (PV) asymmetry AP V for
electron scattering on a nucleon can be written to
lowest order in the � � Z interference in terms of
the structure functions

AP V (x, y) =
�GF Q

2

4
p

2⇡↵
[ge

Ar1(x) + f(y)ge

V r2(x)] ;

f(y) =
1� (1� y)2

[1 + (1� y)2]
; y ⌘ 1�

E
0

E
;

r1(x) ⌘
F

�Z

1 (x)
F

�

1 (x)
=

2
P

q
eq g

q

V q
+(x)

P
q
e2
q
q+(x)

;

r2(x) ⌘
F

�Z

3 (x)
2F

�

1 (x)
=

2
P

q
eq g

q

A q
�(x)

P
q
e2
q
q+(x)

;

g
e

V = �1 + 4sin2
✓W , g

e

A = �1 . (66)

In Eq. (66), we have dropped some small correc-
tions to the quantity f(y) and we have assumed
the Bjorken limit where the longitudinal cross sec-
tion is negligible relative to the transverse cross
section. The additional terms are included in work
by Hobbs and Melnitchouk [141]. In the proposed
JLab PV experiment, the incident electron energy
E will be in the range 10-11 GeV and the outgoing
E
0 will run from 2 to 4 GeV. The parton model

expressions for the ratios of structure functions are
given by the quantities r1 and r2 in Eq. (66).

If we confine our attention to the region of x

above 0.3 then the contribution to Eq. (66) from
sea quarks should be quite small. Assuming that
electron-deuteron scattering is given by the im-
pulse approximation (the sum of scattering from
proton plus neutron), and also assuming parton
charge symmetry the expression for PV e�D scat-
tering can be written

A
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In Eq. (67), for couplings at tree level we have
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In Eq. (68), the quark vector couplings are given
in Eq. (27), and the quark axial couplings are

g
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In this region, and with these assumptions, the PV
asymmetry for e � D scattering depends weakly
on y (the second term in Eq. (67) is significantly
smaller than the first term) and is independent of
x and of quark PDFs.

We can now include the lowest-order CSV con-
tribution to the parity-violating e�D asymmetry.
In Eq. (67), the terms a

d
1 and a
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3 are modified to
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(70)

We note that in Eq. (70), the largest contribution
to the CSV e↵ect in the parity-violating electron
scattering asymmetry comes from the CSV contri-
bution to the denominator, i.e. from the structure
function F

� D

1 (x) (this is the origin of the 3/10
term). The CSV terms will produce a correction
to the PV asymmetry which has a characteristic
dependence on Bjorken x.

Fig. 20 plots the change in the e�D PV asym-
metry �A

eD
P V /A

eD
P V arising from CSV e↵ects, cal-

culated by Hobbs and Melnitchouk [141]. This is
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Fig. 8: (Color Online) The projected uncertainties on the weak mixing angle vs. average µorQ of the measurement are
shown at the appropriate average µ (or Q) values for the integrated luminosity of 267 fb�1 per nucleon in electron-
deuteron collisions for di↵erent energy configurations at an EIC. The existing measurements and other projected
determinations at lower µ anticipated over the next decade are also shown for comparison. The scale dependence of
the weak mixing angle is defined in the modified minimal subtraction scheme (MS scheme) [25].

into account the corrections of QED radiation of scattered
electrons at next-to-leading order accuracy and bin mi-
grations due to finite detector resolutions. Di↵erent beam
energy configurations, under discussion for a future EIC
have been investigated.

The ��Z interference structure functions provide unique
combinations of unpolarized and polarized PDFs in the
parton model. Moreover, they have direct sensitivity to
unpolarized and polarized strange quark distributions. Along
with the charged-current mediated structure functions [5],
these structure functions could be very impactful input
for a clean extraction of individual PDFs. The combined
measurements also provide an opportunity to test SU(3)
flavor symmetry. The study shows that higher center-of-
mass with high luminosity is favorable for such extraction.
The major systematic uncertainty of such measurements
stems from the uncertainties in the measurements of the
polarization of the electron and proton beams. The re-
quirement on the accuracy of electron (proton) beam po-
larimeters is < 1% (< 3%). A recent combined analysis
with unpolarized data from both H1 and ZEUS at HERA
has showed a slightly better precision on the F �Z

3 measure-
ment [26]. However, the study proposed at an EIC would
be far more powerful in constraining F �Z

1 since it is the
dominant contribution to the parity-violating asymmetry.

The measurements of the weak mixing angle accessible
at a future EIC are in a unique Q2 region where there are
no proposed measurements in the following decade. Pio-
neering measurements in this region were carried out by
HERA. A combined QCD analysis on the weak mixing an-
gle at HERA covers a broad high Q2 region [27], while the
precision is significantly lower in the Q2 region covered by
the proposed EIC measurements. The impact of the mea-
surements will depend on the status of searches for physics
beyond the Standard Model. There could be growing in-
terest in such measurements depending on the outcomes
of new physics searches at the LHC and elsewhere.

Armed with these results, a comprehensive study on
PDF fits is planned for both unpolarized and polarized
distributions. The study will be focused on the impact on
individual PDFs when combining data of di↵erent world
data subsets with EIC projections. It might be interesting
to know how well the s and �s distributions could be
constrained without using semi-inclusive measurements.
Another interesting topic is the impact of the improved
unpolarized PDFs to LHC physics with EIC data.

In summary, a future EIC, with its high energy and
high luminosity, opens up a new window for the study
of neutral current electroweak physics. New unpolarized
and polarized � � Z interference structure functions can

[Zhao et al., Eur. Phys. J. A (2017)]  
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depends only on x while the sea-valence term de-
pends upon both x and x⇡. If the CSV term is suf-
ficiently large, the process of extracting the CSV
distributions may have to be carried out in an it-
erative fashion.

2. Parity-Violating Asymmetry in Electron
Scattering

The observation of parity violation in the scat-
tering of polarized electrons from the deuteron,
carried out in 1978 by Prescott et al. [139], played
a major role in validating the Standard Model. Re-
cent advances in the technology of parity-violating
experiments provide the possibility of repeating
such experiments with an increase in precision
of better than an order of magnitude [111, 140].
These new experiments would allow a new pre-
cision measurement of the Weinberg angle, they
could probe physics beyond the Standard Model
at the multi-TeV scale, and could provide tight
constraints on nucleon parton distribution func-
tions at large Bjorken x. In particular, the ratio
d(x)/u(x) at very large x is not well determined
[142]. As we will show, parity-violating electron
scattering also has the possibility of observing par-
ton charge symmetry violation at large Bjorken x.

The parity violating (PV) asymmetry AP V for
electron scattering on a nucleon can be written to
lowest order in the � � Z interference in terms of
the structure functions
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In Eq. (66), we have dropped some small correc-
tions to the quantity f(y) and we have assumed
the Bjorken limit where the longitudinal cross sec-
tion is negligible relative to the transverse cross
section. The additional terms are included in work
by Hobbs and Melnitchouk [141]. In the proposed
JLab PV experiment, the incident electron energy
E will be in the range 10-11 GeV and the outgoing
E
0 will run from 2 to 4 GeV. The parton model

expressions for the ratios of structure functions are
given by the quantities r1 and r2 in Eq. (66).

If we confine our attention to the region of x

above 0.3 then the contribution to Eq. (66) from
sea quarks should be quite small. Assuming that
electron-deuteron scattering is given by the im-
pulse approximation (the sum of scattering from
proton plus neutron), and also assuming parton
charge symmetry the expression for PV e�D scat-
tering can be written

A
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In Eq. (67), for couplings at tree level we have
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In Eq. (68), the quark vector couplings are given
in Eq. (27), and the quark axial couplings are

g
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d
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In this region, and with these assumptions, the PV
asymmetry for e � D scattering depends weakly
on y (the second term in Eq. (67) is significantly
smaller than the first term) and is independent of
x and of quark PDFs.

We can now include the lowest-order CSV con-
tribution to the parity-violating e�D asymmetry.
In Eq. (67), the terms a

d
1 and a

d
3 are modified to
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(70)

We note that in Eq. (70), the largest contribution
to the CSV e↵ect in the parity-violating electron
scattering asymmetry comes from the CSV contri-
bution to the denominator, i.e. from the structure
function F

� D

1 (x) (this is the origin of the 3/10
term). The CSV terms will produce a correction
to the PV asymmetry which has a characteristic
dependence on Bjorken x.

Fig. 20 plots the change in the e�D PV asym-
metry �A

eD
P V /A

eD
P V arising from CSV e↵ects, cal-

culated by Hobbs and Melnitchouk [141]. This is

28
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depends only on x while the sea-valence term de-
pends upon both x and x⇡. If the CSV term is suf-
ficiently large, the process of extracting the CSV
distributions may have to be carried out in an it-
erative fashion.

2. Parity-Violating Asymmetry in Electron
Scattering

The observation of parity violation in the scat-
tering of polarized electrons from the deuteron,
carried out in 1978 by Prescott et al. [139], played
a major role in validating the Standard Model. Re-
cent advances in the technology of parity-violating
experiments provide the possibility of repeating
such experiments with an increase in precision
of better than an order of magnitude [111, 140].
These new experiments would allow a new pre-
cision measurement of the Weinberg angle, they
could probe physics beyond the Standard Model
at the multi-TeV scale, and could provide tight
constraints on nucleon parton distribution func-
tions at large Bjorken x. In particular, the ratio
d(x)/u(x) at very large x is not well determined
[142]. As we will show, parity-violating electron
scattering also has the possibility of observing par-
ton charge symmetry violation at large Bjorken x.

The parity violating (PV) asymmetry AP V for
electron scattering on a nucleon can be written to
lowest order in the � � Z interference in terms of
the structure functions

AP V (x, y) =
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In Eq. (66), we have dropped some small correc-
tions to the quantity f(y) and we have assumed
the Bjorken limit where the longitudinal cross sec-
tion is negligible relative to the transverse cross
section. The additional terms are included in work
by Hobbs and Melnitchouk [141]. In the proposed
JLab PV experiment, the incident electron energy
E will be in the range 10-11 GeV and the outgoing
E
0 will run from 2 to 4 GeV. The parton model

expressions for the ratios of structure functions are
given by the quantities r1 and r2 in Eq. (66).

If we confine our attention to the region of x

above 0.3 then the contribution to Eq. (66) from
sea quarks should be quite small. Assuming that
electron-deuteron scattering is given by the im-
pulse approximation (the sum of scattering from
proton plus neutron), and also assuming parton
charge symmetry the expression for PV e�D scat-
tering can be written
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In Eq. (67), for couplings at tree level we have
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In Eq. (68), the quark vector couplings are given
in Eq. (27), and the quark axial couplings are

g
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. (69)

In this region, and with these assumptions, the PV
asymmetry for e � D scattering depends weakly
on y (the second term in Eq. (67) is significantly
smaller than the first term) and is independent of
x and of quark PDFs.

We can now include the lowest-order CSV con-
tribution to the parity-violating e�D asymmetry.
In Eq. (67), the terms a

d
1 and a
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3 are modified to
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(70)

We note that in Eq. (70), the largest contribution
to the CSV e↵ect in the parity-violating electron
scattering asymmetry comes from the CSV contri-
bution to the denominator, i.e. from the structure
function F

� D

1 (x) (this is the origin of the 3/10
term). The CSV terms will produce a correction
to the PV asymmetry which has a characteristic
dependence on Bjorken x.

Fig. 20 plots the change in the e�D PV asym-
metry �A

eD
P V /A

eD
P V arising from CSV e↵ects, cal-

culated by Hobbs and Melnitchouk [141]. This is

28
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depends only on x while the sea-valence term de-
pends upon both x and x⇡. If the CSV term is suf-
ficiently large, the process of extracting the CSV
distributions may have to be carried out in an it-
erative fashion.

2. Parity-Violating Asymmetry in Electron
Scattering

The observation of parity violation in the scat-
tering of polarized electrons from the deuteron,
carried out in 1978 by Prescott et al. [139], played
a major role in validating the Standard Model. Re-
cent advances in the technology of parity-violating
experiments provide the possibility of repeating
such experiments with an increase in precision
of better than an order of magnitude [111, 140].
These new experiments would allow a new pre-
cision measurement of the Weinberg angle, they
could probe physics beyond the Standard Model
at the multi-TeV scale, and could provide tight
constraints on nucleon parton distribution func-
tions at large Bjorken x. In particular, the ratio
d(x)/u(x) at very large x is not well determined
[142]. As we will show, parity-violating electron
scattering also has the possibility of observing par-
ton charge symmetry violation at large Bjorken x.

The parity violating (PV) asymmetry AP V for
electron scattering on a nucleon can be written to
lowest order in the � � Z interference in terms of
the structure functions
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In Eq. (66), we have dropped some small correc-
tions to the quantity f(y) and we have assumed
the Bjorken limit where the longitudinal cross sec-
tion is negligible relative to the transverse cross
section. The additional terms are included in work
by Hobbs and Melnitchouk [141]. In the proposed
JLab PV experiment, the incident electron energy
E will be in the range 10-11 GeV and the outgoing
E
0 will run from 2 to 4 GeV. The parton model

expressions for the ratios of structure functions are
given by the quantities r1 and r2 in Eq. (66).

If we confine our attention to the region of x

above 0.3 then the contribution to Eq. (66) from
sea quarks should be quite small. Assuming that
electron-deuteron scattering is given by the im-
pulse approximation (the sum of scattering from
proton plus neutron), and also assuming parton
charge symmetry the expression for PV e�D scat-
tering can be written
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In Eq. (67), for couplings at tree level we have
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In Eq. (68), the quark vector couplings are given
in Eq. (27), and the quark axial couplings are
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In this region, and with these assumptions, the PV
asymmetry for e � D scattering depends weakly
on y (the second term in Eq. (67) is significantly
smaller than the first term) and is independent of
x and of quark PDFs.

We can now include the lowest-order CSV con-
tribution to the parity-violating e�D asymmetry.
In Eq. (67), the terms a
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(70)

We note that in Eq. (70), the largest contribution
to the CSV e↵ect in the parity-violating electron
scattering asymmetry comes from the CSV contri-
bution to the denominator, i.e. from the structure
function F

� D

1 (x) (this is the origin of the 3/10
term). The CSV terms will produce a correction
to the PV asymmetry which has a characteristic
dependence on Bjorken x.

Fig. 20 plots the change in the e�D PV asym-
metry �A

eD
P V /A

eD
P V arising from CSV e↵ects, cal-

culated by Hobbs and Melnitchouk [141]. This is
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depends only on x while the sea-valence term de-
pends upon both x and x⇡. If the CSV term is suf-
ficiently large, the process of extracting the CSV
distributions may have to be carried out in an it-
erative fashion.

2. Parity-Violating Asymmetry in Electron
Scattering

The observation of parity violation in the scat-
tering of polarized electrons from the deuteron,
carried out in 1978 by Prescott et al. [139], played
a major role in validating the Standard Model. Re-
cent advances in the technology of parity-violating
experiments provide the possibility of repeating
such experiments with an increase in precision
of better than an order of magnitude [111, 140].
These new experiments would allow a new pre-
cision measurement of the Weinberg angle, they
could probe physics beyond the Standard Model
at the multi-TeV scale, and could provide tight
constraints on nucleon parton distribution func-
tions at large Bjorken x. In particular, the ratio
d(x)/u(x) at very large x is not well determined
[142]. As we will show, parity-violating electron
scattering also has the possibility of observing par-
ton charge symmetry violation at large Bjorken x.

The parity violating (PV) asymmetry AP V for
electron scattering on a nucleon can be written to
lowest order in the � � Z interference in terms of
the structure functions
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In Eq. (66), we have dropped some small correc-
tions to the quantity f(y) and we have assumed
the Bjorken limit where the longitudinal cross sec-
tion is negligible relative to the transverse cross
section. The additional terms are included in work
by Hobbs and Melnitchouk [141]. In the proposed
JLab PV experiment, the incident electron energy
E will be in the range 10-11 GeV and the outgoing
E
0 will run from 2 to 4 GeV. The parton model

expressions for the ratios of structure functions are
given by the quantities r1 and r2 in Eq. (66).

If we confine our attention to the region of x

above 0.3 then the contribution to Eq. (66) from
sea quarks should be quite small. Assuming that
electron-deuteron scattering is given by the im-
pulse approximation (the sum of scattering from
proton plus neutron), and also assuming parton
charge symmetry the expression for PV e�D scat-
tering can be written

A
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�GF Q
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In Eq. (67), for couplings at tree level we have
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In Eq. (68), the quark vector couplings are given
in Eq. (27), and the quark axial couplings are

g
u
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1
2
, g

d

A = �
1
2
. (69)

In this region, and with these assumptions, the PV
asymmetry for e � D scattering depends weakly
on y (the second term in Eq. (67) is significantly
smaller than the first term) and is independent of
x and of quark PDFs.

We can now include the lowest-order CSV con-
tribution to the parity-violating e�D asymmetry.
In Eq. (67), the terms a

d
1 and a

d
3 are modified to
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We note that in Eq. (70), the largest contribution
to the CSV e↵ect in the parity-violating electron
scattering asymmetry comes from the CSV contri-
bution to the denominator, i.e. from the structure
function F

� D

1 (x) (this is the origin of the 3/10
term). The CSV terms will produce a correction
to the PV asymmetry which has a characteristic
dependence on Bjorken x.

Fig. 20 plots the change in the e�D PV asym-
metry �A

eD
P V /A

eD
P V arising from CSV e↵ects, cal-

culated by Hobbs and Melnitchouk [141]. This is
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(70)

CSV terms contribute to both couplings

x-dependent CSV PDFs, 
not just moments 

• Lattice QCD calculation 
was first moment only 

•     Model x-dependence
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Table 2
The pure QED contributions to the second moments of δuv and δdv at Q 2 = 4 GeV2, 10 GeV2 and 20 GeV2. The photon and valence quark distribution functions at the 
initial scale are given by Eqs. (4), (8) and (10), respectively.

Q 2
0

(GeV2)

Q 2 = 4 GeV2 Q 2 = 10 GeV2 Q 2 = 20 GeV2

δU v δD v δU v δD v δU v δD v

0.26 −0.00099 −0.00009 −0.00107 −0.00003 −0.00113 0.00001
0.40 −0.00089 −0.00013 −0.00095 −0.00007 −0.00099 −0.00003

Fig. 2. (Colour online.) The isospin-violating majority xδuv and minority xδdv va-
lence parton distributions at Q 2 = 4 GeV2 and 10 GeV2. Dash-dotted, dashed and 
solid curves represent pure QED, pure QCD and the total contributions, respectively.

using the very convenient functional, F [s2
W , δq; x], provided by the 

collaboration [25]

"s2
W =

1∫

0

F [s2
W , δq; x]xδq(x, Q 2)dx (16)

at the central value Q 2 = 10 GeV2. The individual contributions to 
"s2

W are listed in Table 3. Therefore, the total correction arising 
from valence quark charge symmetry violation becomes

"s2
W |total = "s2

W |QED + "s2
W |QCD = −0.0022 ± 0.0004 , (17)

where the error is calculated by combining the errors on the in-
dividual contributions in quadrature. For the electromagnetic con-
tribution the errors are taken as the differences between matching 
at µ2

LO and µ2
NLO, while for the quark mass contribution the errors 

arise from Eq. (15). This value is consistent with that reported by 
Bentz et al. [17], namely "s2

W = −0.0026 ± 0.0011, but now with a

Table 3
The QED and QCD corrections to "s2

W arising from valence quark charge symmetry 
violation.

"s2
W δuv δdv Total

QED −0.00043(6) 0.00004(2) −0.00039(6)

QCD −0.00102(31) −0.00074(17) −0.00176(35)

significantly improved estimate of the uncertainty associated with 
the QED contribution.

5. Conclusion

In summary, we have revisited the electromagnetic contribu-
tion to charge symmetry violation (CSV) in the parton distribu-
tion functions of the nucleon, which contributes the largest uncer-
tainty associated with the CSV correction to the NuTeV anomaly. At 
very low Q 2 we treat the radiation of photons from the nucleon 
coherently, following the suggestion of Martin and Ryskin [20], 
while above the scale typically associated with valence dominated 
quark models the photon emission is associated with the individ-
ual quarks, through QED evolution [22]. The resulting electromag-
netic contribution to the combination of second moments relevant 
to the NuTeV anomaly, namely δD v − δU v is of order 0.0010 (at 
10 GeV2). When used with the NuTeV functional this yields a 
correction of less than 10% of the NuTeV anomaly. Adding the lat-
est lattice QCD estimate of this moment [24], which is consistent 
with the older model dependent calculations [4–6], results in a 
total CSV correction to "s2

W of −0.0022 ± 0.0004, which consti-
tutes a reduction in the anomaly of more than 40%. If one were to 
add the isovector EMC from Ref. [26], the total correction would 
be −0.0041 ± 0.0007 and comparing with the quoted anomaly, 
−0.0050 ± 0.0016, the discrepancy with the Standard Model ap-
pears to be resolved. The major remaining issue is the potential 
asymmetry between the s and s̄ distributions [27–30] and resolv-
ing that issue is now of even greater importance.
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ē�µ�5e

�
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indire
ct sea

rches
when

there
is no

signifi
cant

Z-Z
0 mixing.

The J
Lab extrac

tion will re
ly on a simul-

taneo
us fit

of ele
ctrow

eak coupl
ings,

highe
r-

twist
e↵ect

s and
violat

ion of cha
rge symme-

try to a series
of APV measure

ments i
n nar-

row x and Q
2 bins.

It is highly
motivat

ed

to find ways
to improve

the se
nsitiv

ity to the

C2i
coupl

ings furthe
r, giv

en its uniqu
e sen-

sitivit
y for TeV-s

cale dynam
ics such

as the

aforem
ention

ed Z0 boson
s. The kinem

atical

range
for th

e APV
measure

ment at
the EIC

would
enabl

e a signifi
cantly

improve
d statis

-

tical s
ensiti

vity in the extrac
tion of the

C2i

coupl
ings.

Apart
from

statis
tical r

each,
the

EIC measure
ments will h

ave the added
ad-

vanta
ge of be

ing at signifi
cantly

highe
r Q

2

so that h
igher-

twist
e↵ect

s shou
ld be totall

y

neglig
ible.

A study
of the statis

tical
reach

shows

that a
n EIC measure

ment ca
n match the st

a-

tistica
l sens

itivity
of the

12 GeV JLab
mea-

surem
ent with

⇠ 75 fb
�1 . It is also worth

noting
that

the EIC measure
ments will b

e

statis
tics-li

mited,
unlike

the JLab
measure

-

ment.
The need

for precis
ion polari

metry,

the limiting
factor

in fixed
target

measure
-

ments,
will b

e sign
ifican

tly less im
porta

nt at

the co
rrespo

nding
EIC measure

ment be
cause

2C2u
� C2d

would
be extrac

ted by study
ing

the va
riatio

n of APV as a fu
nction

of the
frac-

tional
energ

y loss p
arameter,

y. Thus,
with

an integr
ated luminosit

y of sev
eral 1

00 fb
�1

in Stage
II of t

he EI
C, the

precis
ion could

be

improve
d by a furthe

r factor
of 2 to 3. De-

pendi
ng on the discov

eries
at the

LHC
over

the ne
xt dec

ade, i
t is qu

ite po
ssible

that s
uch

sensit
ivity

to C2i
coupl

ings,
which

is quite

uniqu
e, wou

ld prove
to be cri

tical t
o unrav

el

the natur
e of TeV

-scale
dynam

ics.
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• Leptophobic Z’s are an interesting BSM scenario for a high luminosity EIC to probe.

    

[M.Alonso-Gonzalez, M.Ramsey-Musolf;

M.Buckley,M.Ramsey-Musolf]

• Leptophobic Z’s couple very weakly to leptons:

-difficult to constrain at colliders due to large QCD backgrounds

• Leptophobic Z’s only affect the b(x) term or the C2q coefficients in APV: 

Leptophobic Z’ 

contributes only to 

the C2q couplings!

PoS(DIS 2010)269

Electroweak physics at a future EIC

Krishna Kumar

1. Introduction

Nearly 50 years ago, soon after the discovery of parity violation in beta decay, Zel’dovich spec-

ulated that there might be an analogous parity violating neutral current interaction [1]. He noted

that if such an interaction existed, then parity violation would be manifested in lepton-nucleon

scattering due to the interference between the weak and electromagnetic amplitudes. He predicted

that if one scatters longitudinally polarized electrons off unpolarized protons and flipped the sign

of the beam polarization, the fractional difference in the cross-section would be:

APV⌘
sR�sL

sR +sL
'

|AZ|
|Ag|

'
GFQ2

4pa
' 10�

4 Q2

(1.1)

For typical fixed target experiments, APV ranges from roughly 10�4 to as small as 10�7 . In

the mid-seventies, parity violation in deep inelastic electron nucleon scattering was first observed

at SLAC [2], from which the electron-quark weak neutral current coupling could be extracted. The

measurement was an important validation of the Standard Model, and the extracted value of the

electroweak mixing angle sin2 qW matched the corresponding value obtained from neutral current

neutrino scattering experiments.

Over the past 20 years, the experimental techniques employed to measure these tiny left-right

asymmetries have been steadily refined such that statistical errors and systematic errors approach-

ing a few parts per billion (ppb) are possible [3]. Depending on the choice of target and kinematic

variables, this has facilitated measurements in several important physics topics, such as many-body

nuclear physics, nucleon structure and searches for physis beyond the standard model at the TeV

scale.

2. Parity-Violating Deep Inelastic Scattering

APV in DIS can be written as

APV = Q2
GF

2
p 2pa

h
a(x)+

1� (1� y)2

1+(1� y)2
b(x)

i
,

(2.1)

a(x)⌘ Si fi(x)C1iqi/Si fi(x)q
2
i ,

(2.2)

b(x)⌘ Si fi(x)C2iqi/Si fi(x)q
2
i .

(2.3)

Here, C1i(C2i) are the weak vector(axial-vector) weak charges for the ith quark flavor, x is

the fraction of the nucleon momentum carried by the struck quark, fi(x) are parton distribution

functions and qi are the electromagnetic charges. The a(x) term arises from the product of the

electron axial-vector coupling and the quark vector coupling and is typically the dominant term.

For an isoscalar target such as deuterium, the dependence on structure largely cancels out in the

APV ratio of the weak and electromagnetic amplitudes:

a(x) =
6
5

h
(C1u�

1
2
C1d)+ corrections

i
;

(2.4)

b(x) =
6
5

h
(C2u�

1
2
C2d)

q(x)� q̄(x)

q(x)+ q̄(x)
+ corrections

i
,

(2.5)

2

e.g., Leptophobic Z’ 
affects only      a

d

3

a
d

1 a
d

3
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=
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3
10

+
2g

u
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d
A

2(2gu
A � gd

A)

�
�u(x)� �d(x)
u(x) + d(x)

.

(70)

5
−

ad3 =
6

5
(2C2u − C2d)[1 + . . .]
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FIG. 1. (Color online) SoLID spectrometer for the PVDIS
program.

is the fractional energy loss of the incident electron. The
a1,3 terms are

a1(x) = 2ge
A

F �Z

1

F �

1

, (3)

a3(x) = ge
V

F �Z

3

F �

1

. (4)

The F �Z

1,3 functions are ��Z interference structure func-
tions. In the parton model at the leading order, they can
be written as:

F �Z

1 =
X

f

eqf (gV )qf (qf + q̄f ), (5)

F �Z

3 = 2
X

f

eqf (gA)qf (qf � q̄f ). (6)

The vector couplings gV of quarks and electrons are a
function of sin2 ✓W . For an iso-scalar target, such as a
deuteron in the valence region, which carries the same
amount of u and d quarks, the contributions from PDFs
cancel in ratio in a1,3 terms, hence the APV is sensi-
tive to sin2 ✓W directly: APV ⇡ 20

3 sin2 ✓W � 1. Figure
2 shows the sin2 ✓W projection from SoLID along with
other existing and proposed measurements.

In the context of new physics searches, PVDIS can
not be described only by the one-boson exchange. The
e↵ective electron-quark couplings in terms of individual
gA and gV are not valid anymore. Instead, the e↵ective
weak coupling constants C1q,2q are used. In the leading
order of one-boson exchange, they correspond to [9]:

C1u = 2ge
A
gu
V
, C2u = 2ge

V
gu
A
, (7)

C1d = 2ge
A
gd
V
, C2d = 2ge

V
gd
A
, (8)
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FIG. 2. (Color online) The sin2 ✓W projection from SoLID
project along with other existing or proposed measurements
[8].
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Figure 4: Axes are linear combinations of axial-vector quark-electron and vector-axial quark-electron
effective coupling constants. Left: The phase-space of the axial-vector and vector-axial electron-quark
effective coupling constants can be constraints by using SoLID PVDIS measurements combined with other
precision measurements. Present measurements predict non zero electron-quark coupling constants and an
agreement with the SM predictions [11]. Right: A polar plot of the mass scales of new parity violating
physics interactions assuming a new physics coupling strength of g2 = 4p . The small brown color region
shows present reach of the mass scales based on combined results from 6 GeV PVDIS and other precision
experiments [11] while the large orange color region is the expanded sensitivity assuming final precision
from Qweak [2] and SoLID PVDIS.

kinematic range. The proposed two different electron beam energies, at 11 GeV and 6.6 GeV, will
provide range of Q2 values for each xbjk.

The cryogenic solenoidal magnet from CLEO-II experiment will be refurbished and imple-
ment as the SoLID magnet after certain modifications to match SoLID specifications. Gas Electron
Multiplier detectors (GEMs) will be used as tracking detectors implemented within the solenoidal
magnetic field and in downstream of the magnet where main particle detectors are located [12].
The light gas Cerenkov and the electromagnetic calorimeter will primarily be used to particle iden-
tification and reject the pion background [12]. The proposed data acquisition (DAQ) system will be
based on pipe-lined electronics for triggering and data readout to accommodate very high rates of
above 1 MHz. The detectors will be triggered and readout independently for azimuthally separated
sectors to increase the readout rate. An upgraded Compton polarimeter and a superconducting
Møller polarimeter will both assumed to be readily available by the time SoLID program will start
taking data.

4. Summary

The SoLID apparatus is design to have a broad physics program. The PVDIS program dis-
cussed in the proceeding is only a part of this physics program. The semi-inclusive deep inelastic
scattering (SIDIS) program using SoLID will measure single and double spin asymmetries to ac-

5

FIG. 3. (Color online) The phase-space of the linear combina-
tions of axial-vector and vector-axial electron-quark e↵ective
coupling constants for existing measurements [7] and a pro-
jection including measurements from SoLID project.

where gA and gV are the axial and vector couplings of
electrons and up/down quarks. If one neglects sea quarks
in the valence region, then

a1 =
6

5
(2C1u � C1d), a3 =

6

5
(2C2u � C2d). (9)

At large y, APV is sensitive to the C2q, the coupling
that can’t be studied in low energy reactions due to
large and uncertain radiative corrections. Figure 3 shows
existing and expected results on linear combinations of
electron-quark weak coupling constants for existing mea-
surements and a projection after including measurements
from SoLID proposal.
By measuring C1q,2q, one can set constraints on new

contact interactions, such as a possible lepto-phobic Z
boson. To quantify and compare the physics reach of
various experiments, one can quote mass limits within

• The combination                     is known to within ~50% from the JLAB 6 GeV experiment:

• The combination                      is severely constrained by Qweak and Atomic Parity violation.       
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Abstract. A high intensity polarized positron beam, as part of the JLAB 12 GeV program or the proposed electron-ion collider
(EIC), will provide a unique opportunity for testing the Standard Model (SM) and probing for new physics. High lumninosity
and the combination of polarized electrons and positrons incident on protons and deuterons can isolate important e↵ects, enhance
signal over background, and distinguish between possible new physics scenarios. A comparison of cross sections between polarized
electron and positron beams will allow for a precision extraction of the poorly known weak neutral current coupling combination
2C3u�C3d and would complement the proposed plan for a precision extraction of combination 2C2u�Cd at the EIC. These precision
measurements of these neutral weak couplings would constrain new physics scenarios including Leptoquarks, R-parity violating
supersymmetry, and electron and quark compositeness in a manner that complements limits from other low energy experiments and
colliders. The dependence of the charged current cross section on the longitudinal polarization of the positron beam will provide
independent probes to test the chiral structure of the electroweak interactions, constraing Left-Right symmetric models. A polarized
positron can probe charged lepton flavor violation (CLFV) through a search for e

+ ! ⌧+ transitions in a manner that is independent
and complementary to the proposed e

� ! ⌧� searches at the EIC.

INTRODUCTION

EIC luminosity ⇠ 1033�34 cm�2
s
�1

p
s ⇠ 10 � 100 GeV, upgradable to

p
s ⇠ 150 GeV

12 GeV, luminosity ⇠ 1039 cm�2
s
�1

2C1u �C1d

NEUTRAL WEAK COUPLINGS

For electron-hadron scattering, the weak neutral current can be parameterized in terms of contact interactions

L = GFp
2

X

`,q


C1q

¯̀�µ�5`q̄�µq +C2q
¯̀�µ`q̄�µ�5q +C3q

¯̀�µ�5`q̄�µ�5q

�
, (1)

in the region where the virtuality of the exchanged boson satisfies Q
2 ⌧ M

2
Z
, where MZ is the Z-boson mass and

GF denotes Fermi’s constant. The Ciq coe�cients denote the e↵ective couplings and in the single boson exchange
approximation in the Standard Model (SM), they take the form C1q = g

e

A
g

q

V
,C2q = g

e

V
g

q

A
,C3q = g

e

A
g

q

A
. The electron

(ge

A,V ) and quark (gq

A,V ) couplings are given in terms of their respective weak isospin (T3) and electric charge (Q)
quantum numbers and the weak mixing angle ✓W : g

e,q
A
= T3, g

e,q
V
= T3 � 2Q sin2 ✓W . The SM tree-level expressions for

the Ciq coe�cients are then given by

C1u = �
1
2
+

4
3

sin2 ✓W , C2u = �
1
2
+ 2 sin2 ✓W , C3u =

1
2
, (2)

C1d =
1
2
� 2

3
sin2 ✓W , C2d =

1
2
� 2 sin2 ✓W , C3d = �

1
2
. (3)

Going beyond the single boson exchange approximation, the e↵ective couplings can no longer be written as products
of the electron and quark weak couplings and are instead denoted by C1q = g

eq

AV
,C2q = g

eq

VA
,C3q = g

eq

AA
. A comparison

of the measured values of the Ciq couplings with the SM predictions can be used to set limits of the scale ⇤ at which
new interactions may arise. At low energies, well below the scale ⇤, these new interactions can be parametrized by
the e↵ective Lagrangian:

�L = g
2

⇤2

X

`,q

⇢
⌘`q

LL
¯̀
L�µ`Lq̄L�µqL + ⌘

`q
LR

¯̀
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`q
RL

¯̀
R�µ`Rq̄L�µqL + ⌘

`q
RR

¯̀
R�µ`Rq̄R�µqR

�
, (4)

where the mass limit for ⇤ is defined with the convention g
2 = 4⇡. The coe�cients ⌘`q

i j
take on the values of either +1

or �1, allowing for the possibility of constructive or destructive interference with the SM contributions. These new
The Ciq coe�cients can now be written as the sum of the SM and new physics contributions Ciq = Ciq(SM) + �Ciq,
where:

�C1q =
g

2

⇤2

⌘`q
LL
+ ⌘`q
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� ⌘`q

RL
� ⌘`q

RR

2
p

2GF

, (5)

�C2q =
g

2

⇤2

⌘`q
LL
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LL
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LL
� ⌘`q

LL

2
p

2GF

, (6)

�C3q =
g

2

⇤2

⌘`q
LL
+ ⌘`q

LL
� ⌘`q

LL
� ⌘`q

LL

2
p

2GF

. (7)

(8)

Precision measurements of the Ciq constrain the deviations the possible deviations �Ciq which can be converted into
a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q

i j
.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
g

e

V
⇡ 0). They have been recently accessed through parity violating deep inelastic scattering which uses polarized

electron beams to measure the cross section asymmetry between left-handed and right-handed electrons

APV =
d�L � d�R

d�L + d�R

. (9)
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2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
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1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
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Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
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respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
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Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
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• The EIC can further improve on the JLAB 12 GeV expected result by a factor of 2 or 3 at 100fb^(-1).

Status of WNC Couplings

    
[Y.X.Zhao (SoLID Collaboration)]

Theory/ lattice QCD suggests 
CSV contributions to the 

couplings is  
at the sub-percent level 
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How can we constrain CSV?
•Strongest upper limit by comparing F2 in charged current reactions induced by 

neutrinos with F2 for charged lepton DIS, on isoscalar targets 

•Coupled knowledge of heavy quark PDFs and CSV   
     Sea quark contributions suppressed at larger x, more sensitive to CSV 

Phiala Shanahan, MIT
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Also: neutrino-nucleon DIS on 
heavy targets: 

 

• Role for EIC: precise nuclear correction 
factors 

• Neutral current structure function at EIC 

• Charged current structure function at 
EIC with sufficiently high beam intensity? 



Semi-inclusive pion production

Phiala Shanahan, MIT

Lepton DIS on isoscalar nuclear targets
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• CSV terms substantial for 
x>0.4 

• Determine CSV via 
measurement of x-dep of R 
for fixed z

• Requires that factorisation be valid to a few percent
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Test of weak current relation

FIG. 23: Top: theoretical estimates of CSV contribu-
tion RCSV to the ratio RW (x) of Eq. (78) vs. x, for
various values of Q2. b) Bottom: theoretical estimates
of s� s̄ di↵erence, Rs(x) of Eq. (78). From Ref. [154].

strangeness in the nucleon. This means that if
there is a nonzero strange quark asymmetry it
must have at least one node in x. The latest anal-
ysis of these results by Mason [65] gives a positive
value for the second moment S

� = hxs
�(x)i; this

is in agreement with analyses of these experiments
by the CTEQ group [64].

Note that these results have the opposite sign
for the strange quark asymmetry from the cal-
culations of Braendler et al. shown in Fig. 23.
Those results were calculated in the framework
of ‘meson-cloud’ models [38, 39, 40, 41, 42, 44]
extended to include strange quarks. In these
models the nucleon fluctuates to a configuration
N ! K +Y , where Y represents a ⇤ or ⌃ baryon.
The s̄ is associated with the virtual kaon produc-
tion, while the s quark resides with the residual
strange baryon [38]. Fig.24 shows the quantity
s(x) � s̄(x) calculated using the model of Mel-

FIG. 24: The strange quark asymmetry s(x)�s̄(x) cal-
culated in the meson-cloud model of Melnitchouk and
Malheiro, Ref.[42]. The curves correspond to di↵erent
values for the NKY form factor. The shaded region
is an eetimate of the uncertainty in the calculations.

nitchouk and Malheiro[42]. The curves show val-
ues of s � s̄ calculated using various values for
the N ! KY form factor, and the shading rep-
resents the uncertainty in the calculations. In the
Melnitchouk-Malheiro calculation the s(x) � s̄(x)
di↵erence also has the opposite sign from the ex-
perimental determination, although it should be
noted that to within one standard deviation the
experimental result is consistent with zero. For
both the meson-cloud and experimental values for
s(x) � s̄(x), the magnitude of the strange quark
contribution to the quantity RW in Eq. (78) is
comparable to the contribution arising from CSV,
although the x-dependence of the two contribu-
tions is quite di↵erent.

IV. CHARGE SYMMETRY VIOLATION
FOR SEA QUARKS

For valence quark charge symmetry, several the-
oretical models give quantitatively similar predic-
tions for charge symmetry violating PDFs. Esti-
mates of valence quark CSV by Sather [76] and
Rodionov et al. [74] are in rather good agreement,
and both the magnitude and shape of those va-
lence CSV PDFs agree quite well with the best
phenomenological global fit from the MRST group
[23]. The situation is much di↵erent for charge
symmetry in the sea quark sector. It is consid-
erably more di�cult to construct reliable theo-
retical models to estimate sea quark CSV e↵ects,
and until recently the phenomenological situation
was less certain. As we have seen, one problem is
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(76)

Fig. 22 shows ratios of pion electroproduction
cross sections on p and D at fixed x = 0.32 vs. z.
From Eq. (76), these linear combinations should
be independent of z. Now, a number of assump-
tions have gone into Eq. (76); in addition to factor-
ization, this relation assumes parton charge sym-
metry, neglects contributions from heavy quarks
and also contributions from any pT dependence
of parton distributions. Nevertheless, to within
about ten percent the ratios show very little de-
pendence on z for z < 0.7. The deviation from
these curves for z > 0.7 results from the N ! �
transition region. Furthermore, the shaded bands
show the ratio that is expected from phenomeno-
logical parton distributions from the CTEQ col-
laboration [152] and from GRV [85]. The experi-
mental results show that factorization is a rather
good approximation at Je↵erson Laboratory ener-
gies.

Despite the perhaps surprisingly good agree-
ment with the factorization hypothesis in this en-
ergy region, nevertheless factorization is not su�-
ciently accurate to carry out tests of charge sym-
metry violation in pion electroproduction reac-
tions, at current Je↵erson Lab energies. The re-
lations in Eq. (74) would be more reliable at a
possible future electron-ion collider, where factor-
ization should be assured to a high degree. As
Eq. (74) was derived in lowest order QCD, it is
necessary to check whether the results remain es-
sentially unchanged in NLO.

4. Test of Weak Current Relation
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From Eq. (28), at high energies the F2 struc-
ture functions for charge-changing neutrino and
antineutrino interactions on an isoscalar target are
equal except for contributions from valence quark
CSV, plus strange and charm quark terms, i.e.
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These cross sections might be measured at vari-
ous experimental facilities. At a high energy elec-
tron collider, weak interaction processes such as
e
�

p ! ⌫eX are no longer completely negligible
with respect to the electromagnetic process e

�
p !

e
�

X. Charged-current cross sections in e
±
� p

reactions were made at HERA [153], where pre-
cise structure functions and parton distributions
were measured for momentum transfers Q

2
> 100

GeV2. Tests of parton charge symmetry would
require collisions of electrons with an isospin-zero
nucleus such as the deuteron. Then by compar-
ing charge-changing weak interactions induced by
electrons and positrons the quantity in Eq. (77)
could be measured. This might be feasible at a
future electron-ion collider.

Alternatively with very high energy neutrinos,
the ratio of Eq. (77) could be measured by com-
paring W boson production on an isoscalar target
induced by neutrinos and antineutrinos. Theoreti-
cal estimates of this process were made by Londer-
gan, Braendler and Thomas [154]. One constructs
the ratio
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At su�ciently high energies, the only quantities
contributing to the ratio RW are “valence” strange
and charm distributions, or valence quark CSV
terms. The ratio could also be checked for any
isoscalar nuclear target, replacing the nucleon par-
ton distributions by their nuclear counterparts.

The top figure in Fig. 23 shows the theoret-
ical CSV contribution, RCSV (x) from Eq. (78).
The dashed curve is calculated for Q

2 = 100
GeV2, the dot-dashed curve for Q

2 = 400 GeV2,
and the dash-triple dot curve for Q

2 = 10, 000
GeV2. The quantity RCSV (x) is predicted to be
greater than 0.02 provided x > 0.4, using CSV
estimates of Rodionov et al. Ref.[74]. All theoreti-
cal calculations predict that in the valence region,
�dv(x) is positive and �uv(x) negative, so their
e↵ects should add, producing several percent ef-
fects at the largest values of x. The term Rs of
Eq. (78), proportional to the di↵erence between
strange quark and antiquark distributions (we ne-
glect possible contributions from charm quarks),
is shown in the bottom figure in Fig. 23.

As we mentioned in Sec. II B and expanded upon
in Sec. III C 2, there are now experimental mea-
surements from which one can extract the strange
quark asymmetry s

�(x) = s(x)�s̄(x). These come
from production of opposite-sign dimuon pairs in
reactions initiated by ⌫ or ⌫̄ beams, from the
CCFR and NuTeV groups [62, 63]. The first mo-
ment hs�(x)i must be zero since there is no net
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Fig. 22 shows ratios of pion electroproduction
cross sections on p and D at fixed x = 0.32 vs. z.
From Eq. (76), these linear combinations should
be independent of z. Now, a number of assump-
tions have gone into Eq. (76); in addition to factor-
ization, this relation assumes parton charge sym-
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and also contributions from any pT dependence
of parton distributions. Nevertheless, to within
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pendence on z for z < 0.7. The deviation from
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logical parton distributions from the CTEQ col-
laboration [152] and from GRV [85]. The experi-
mental results show that factorization is a rather
good approximation at Je↵erson Laboratory ener-
gies.

Despite the perhaps surprisingly good agree-
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ergy region, nevertheless factorization is not su�-
ciently accurate to carry out tests of charge sym-
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sentially unchanged in NLO.

4. Test of Weak Current Relation

F W+N0
2 (x) = F W�N0

2 (x)

From Eq. (28), at high energies the F2 struc-
ture functions for charge-changing neutrino and
antineutrino interactions on an isoscalar target are
equal except for contributions from valence quark
CSV, plus strange and charm quark terms, i.e.

F
W

+
N0

2 (x,Q
2)� F

W
�

N0
2 (x,Q

2)
= x

⇥
�dv(x)� �uv(x) + 2

�
s
�(x)� c

�(x)
�⇤

.

(77)

These cross sections might be measured at vari-
ous experimental facilities. At a high energy elec-
tron collider, weak interaction processes such as
e
�

p ! ⌫eX are no longer completely negligible
with respect to the electromagnetic process e

�
p !

e
�

X. Charged-current cross sections in e
±
� p

reactions were made at HERA [153], where pre-
cise structure functions and parton distributions
were measured for momentum transfers Q

2
> 100
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could be measured. This might be feasible at a
future electron-ion collider.

Alternatively with very high energy neutrinos,
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At su�ciently high energies, the only quantities
contributing to the ratio RW are “valence” strange
and charm distributions, or valence quark CSV
terms. The ratio could also be checked for any
isoscalar nuclear target, replacing the nucleon par-
ton distributions by their nuclear counterparts.

The top figure in Fig. 23 shows the theoret-
ical CSV contribution, RCSV (x) from Eq. (78).
The dashed curve is calculated for Q

2 = 100
GeV2, the dot-dashed curve for Q

2 = 400 GeV2,
and the dash-triple dot curve for Q

2 = 10, 000
GeV2. The quantity RCSV (x) is predicted to be
greater than 0.02 provided x > 0.4, using CSV
estimates of Rodionov et al. Ref.[74]. All theoreti-
cal calculations predict that in the valence region,
�dv(x) is positive and �uv(x) negative, so their
e↵ects should add, producing several percent ef-
fects at the largest values of x. The term Rs of
Eq. (78), proportional to the di↵erence between
strange quark and antiquark distributions (we ne-
glect possible contributions from charm quarks),
is shown in the bottom figure in Fig. 23.

As we mentioned in Sec. II B and expanded upon
in Sec. III C 2, there are now experimental mea-
surements from which one can extract the strange
quark asymmetry s

�(x) = s(x)�s̄(x). These come
from production of opposite-sign dimuon pairs in
reactions initiated by ⌫ or ⌫̄ beams, from the
CCFR and NuTeV groups [62, 63]. The first mo-
ment hs�(x)i must be zero since there is no net
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Compare charge-changing 
interactions from  

electron/positron scattering  
on isospin-0 nucleus

Theory calculations suggest 

• Opposite sign             
         effects add in magnitude 

• x-dep of CSV and strange is 
different (note strange must 
have node)

�dv(x), �uv(x)
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Sea quark CSV: sum rules

• First moments of valence quark 
CSV vanish by quark normalisation 
conditions  
 
  

•  Sum rules in moments isolate sea    
 quark CSV 

• Note: sea quark CSV ↔ gluon CSV  
via evolution 

SG ⌘

Z 1

0
dx

h
F

`p

2 (x)� F
`n
2 (x)

i

x

=
1
3
�

2
3

Z 1

0
dx

⇥
d̄

p(x)� ū
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e.g., Gottfried sum rule 

‣ CSV vs sea quark flavour 
asymmetry 

Phiala Shanahan, MIT

CSV in valence 
quark PDFs

CSV in sea 
quark PDFs

Expectation: >

Z 1

0
�uv(x) dx =

Z 1

0
�dv(x) dx = 0



• Isovector EMC effect for nuclei 
with N≠Z 
 

• Isovector EMC has similar 
signature to CSV →”pseudo-CSV”

“pseudo-CSV” EMC effect

Phiala Shanahan, MIT

R(3)
N,Z(x) =

uN,Z(x)� dN,Z(x)

ud(x) + dd(x)
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• Full flavour dependence of EMC 
effects 
 

‣ Challenging in experiment  
(eg MINERνA) 

‣ Moments accesible in LQCD

the self-consistent modification of the bound nu-
cleon structure in the relativistic mean scalar and
vector potentials generated in a nuclear medium.
The new realization in the case of Fe and, indeed
any other nucleus with N 6= Z, is that there will be
an isovector piece of the EMC modification of the
bound nucleon structure associated with the extra
neutrons. Most important, this e↵ect will modify
the structure of all of the neutrons and protons in
the nucleus, not just the excess neutrons.

As the dominant piece of the isovector interac-
tion in a relativistic mean field theory is usually as-
sociated with the ⇢ meson, it will have a Lorentz
vector character, with the d-quarks feeling more
repulsion and the u-quarks more attraction. For
this reason the sign of the e↵ect is exactly the same
as that found in the calculations of CSV which we
have described earlier. If one ignores this medium
modification it will appear as though the CSV is
enhanced in a nucleus with N > Z. We stress
that there is no violation of charge symmetry –
the isovector interaction is completely consistent
with isospin invariance – but to an observer un-
aware of the isovector EMC e↵ect it will appear
like CSV. An estimate of the impact of this ad-
ditional EMC e↵ect on the NuTeV analysis [119]
based on a nuclear matter calculation, reduces the
NuTeV result for sin2

✓W from 0.2277 to 0.2245,
within 1 � of the Standard Model value. If the
e↵ect of true CSV is added [77, 86] (as was dis-
cussed in the preceding section), the discrepancy
is removed entirely.
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FIG. 17: [color online] The EMC ratio F A
2 (x)/F D

2 (x)
vs. x, at a value Q2 = 10 GeV2, predicted by the
model of Cloët, Bentz and Thomas [119] as a function
of the proton/neutron ratio Z/N  1. Solid curve:
Z/N = 1; dashed curve: Z/N = 0.8; dash-dot curve:
Z/N = 0.6; triple dot-dashed curve: Z/N = 0.2; dot-
ted curve: neutron matter (Z/N = 0).

It will clearly be very important to look for spe-

cific processes which could confirm this theoretical
analysis of the isovector EMC e↵ect. This model
predicts a significant and characteristic A depen-
dence of the ratio of the nuclear F2 electromag-
netic structure function with that for the deuteron.
Fig. 17 shows the EMC ratio, F

A
2 (x)/F

D
2 (x), vs. x

at Q
2 = 10 GeV2, for various values of N � Z. For

a neutron excess, the medium modification of the
u quarks should be enhanced by coupling to the ⇢

0

field, while the d quark distribution should be less
modified. For small neutron excess the EMC ef-
fect, which is initially dominated by the u quarks,
increases. However eventually the d quark distri-
bution dominates and the EMC ratio is predicted
to decrease in the valence quark region. For ex-
ample, in Au where N ⇠ 1.5Z, a very large di↵er-
ence is predicted between the ratio of u(x) in Au
to that in the deuteron, compared with the same
ratio for d-quarks. This could be investigated in
experiments at Je↵erson Laboratory following the
12 GeV upgrade.

If the “pseudo-CSV” nuclear e↵ect outlined
here is confirmed experimentally, then it would
seem that rather than presenting evidence for new
physics beyond the Standard Model, the NuTeV
result rather confirms in a fairly dramatic fashion
the concept that the partonic structure of a bound
nucleon is modified in a profound way.

E. Dedicated Experiments Sensitive to
Valence Quark Charge Symmetry

In the preceding Section, we reviewed existing
experiments and showed the limits they placed on
charge symmetry and flavor symmetry violation
in parton distributions. In this section we discuss
various dedicated experiments that might tighten
the limits on parton charge symmetry, and we re-
view the conditions that would be necessary in
order that these experiments could detect parton
CSV at levels that are allowed from current phe-
nomenological limits.

As will become clear, the experiments described
are looking for quite small e↵ects, of the order of
one or a few percent. In addition, one generally
has additional terms arising from other e↵ects such
as heavy quark contributions. These must be un-
der control before one can isolate parton CSV ef-
fects. Finally, several of these require subtracting
cross sections from two separate measurements.
These experiments are then very sensitive to rela-
tive normalizations. Although these are not easy
experiments, it is also true that even tighter up-
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Parton physics from Lattice QCD

Phiala Shanahan, MIT

Exploratory Era

•x-dependence of 
PDFs 

•TMDs 

Precision Era

•Static properties of 
nucleon incl. spin, 
flavour decomp. 

•Mellin moments of 
PDFs, GPDs 

Fully-controlled w/ 
few-percent errors 
within ~5y

First calculations, 
timeline for 
controlled 
calculations unclear

Early Era

•Nuclear structure A<5 

•Spin, flavour decomp. 
of EMC-type effects 

Fully-controlled w/ 
~15—percent errors 
within ~5y 
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• State of the art lattice QCD calculations include QED and isospin breaking  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• On EIC timescale:

Low moments of 
CSV PDFs

EMC effect in 
moments (isovector)

SPECULATIVE
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TABLE II: Our results for the intrinsic spin ( 12�⌃), angular
momentum (L) and total (J) contributions to the nucleon
spin and to the nucleon momentum hxi, in the MS-scheme
at 2 GeV, from up (u), down (d) and strange (s) quarks and
from gluons (g), as well as the sum of all contributions (tot.),
where the first error is statistical and the second a systematic
due to excited states.

1
2�⌃ J L hxi

u 0.415(13)(2) 0.308(30)(24) -0.107(32)(24) 0.453(57)(48)
d -0.193(8)(3) 0.054(29)(24) 0.247(30)(24) 0.259(57)(47)
s -0.021(5)(1) 0.046(21)(0) 0.067(21)(1) 0.092(41)(0)
g - 0.133(11)(14) - 0.267(22)(27)

tot. 0.201(17)(5) 0.541(62)(49) 0.207(64)(45) 1.07(12)(10)

show schematically the various contributions to the spin
and momentum fraction.

FIG. 3: Left: Nucleon spin decomposition. Right: Nu-
cleon momentum decomposition. All quantities are given in
the MS-scheme at 2 GeV. The striped segments show valence
quark contributions (connected) and the solid segments the
sea quark and gluon contributions (disconnected).

Conclusions: In this work we present a calcula-
tion of the quark and gluon contributions to the pro-
ton spin, directly at the physical point. Individual
components are computed for the up, down, strange
and charm quarks, including both connected (valence)
and disconnected (sea) quark contributions. Our final
numbers are collected in Table II. The quark intrinsic
spin from connected and disconnected contributions is
1
2�⌃u+d+s = 0.299(12)(3)|conn. � 0.098(12)(4)|disc. =
0.201(17)(5), while the total quark spin is Ju+d+s =
0.255(12)(3)|conn. + 0.153(60)(47)|disc. = 0.408(61)(48).
Our result for the intrinsic quark spin contribution agrees
with the upper bound set by a recent phenomenologi-
cal analysis of experimental data from COMPASS [45],
which found 0.13 < 1

2�⌃ < 0.18. The results for Lq

and Jq in Table II are also consistent with an analysis of
generalized parton distributions [45]. Using the spin sum
one would deduce that Jg=

1
2�Jq=0.092(61)(48), which

is consistent with taking Jg = 1
2 hxig = 0.133(11)(14)

via the direct evaluation of the gluon momentum frac-
tion, which suggests that Bg

20(0) is indeed small. Fur-
thermore, we find that the momentum sum is satisfied

P
qhxiq+hxig = 0.497(12)(5)|conn.+0.307(121)(95)|disc.+

0.267(12)(10)|gluon = 1.07(12)(10) as is the spin sum
of quarks and gluons giving JN =

P
q Jq + Jg =

0.408(61)(48) + 0.133(11)(14) = 0.541(62)(49) resolving
a long-standing puzzle.
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Classic EMC effect is defined in F2: 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Phiala Shanahan, MIT

First investigation of EMC-type effects from LQCD:  
Nuclear effects in Mellin moments of PDFs 

EMC effects in Mellin moments 

[Eskola et al., Eur. Phys. J. C 163 (2017)]

Nuclear momentum fractions

Fit

Global fits to available data constraining nuclear PDFs (charged lepton DIS, neutrino DIS, Drell-Yan, …) 
performed by multiple groups: EPPS, nCTEQ, DSSZ, …
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Fig. 13 Ratios of structure functions for various nuclei as measured
by the NMC [73,74] and EMC [78] collaborations, compared with the
EPPS16 fit. In the rightmost panel the labels “addendum” and “chariot”

refer to the two different experimental setups in Ref. [78]. For a better
visibility, some data sets have been offset by a factor of 0.92 as indicated

ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/

√
s)e±y

where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
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and thus, toward more forward rapidities (y > 0) one probes
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pression comes about as smaller-x quark distributions are
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In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
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cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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Fig. 13 Ratios of structure functions for various nuclei as measured
by the NMC [73,74] and EMC [78] collaborations, compared with the
EPPS16 fit. In the rightmost panel the labels “addendum” and “chariot”

refer to the two different experimental setups in Ref. [78]. For a better
visibility, some data sets have been offset by a factor of 0.92 as indicated

ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/

√
s)e±y

where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/

√
s)e±y

where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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refer to the two different experimental setups in Ref. [78]. For a better
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ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/

√
s)e±y

where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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Fig. 13 Ratios of structure functions for various nuclei as measured
by the NMC [73,74] and EMC [78] collaborations, compared with the
EPPS16 fit. In the rightmost panel the labels “addendum” and “chariot”

refer to the two different experimental setups in Ref. [78]. For a better
visibility, some data sets have been offset by a factor of 0.92 as indicated

ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/

√
s)e±y

where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
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example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
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dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
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in line with the fit.
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baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
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ables, the nuclear effects cause suppression in the computed
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no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
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x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
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• BUT EMC effects in moments are very small
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Momentum fractions of nuclei
• First determination of all components of momentum 

decomposition of light nuclei 

• Small mixing between quark and gluon EMT operators neglected 

• Constraint on either quark or gluon EMC in this quantity implies 
constraint on the other from sum rules: 
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• Work in progress at close-to-physical values of the quark masses  
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FIG. 1. (Color online) SoLID spectrometer for the PVDIS
program.

is the fractional energy loss of the incident electron. The
a1,3 terms are

a1(x) = 2ge
A
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a3(x) = ge
V

F �Z

3

F �

1
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The F �Z

1,3 functions are ��Z interference structure func-
tions. In the parton model at the leading order, they can
be written as:

F �Z

1 =
X

f

eqf (gV )qf (qf + q̄f ), (5)

F �Z

3 = 2
X

f

eqf (gA)qf (qf � q̄f ). (6)

The vector couplings gV of quarks and electrons are a
function of sin2 ✓W . For an iso-scalar target, such as a
deuteron in the valence region, which carries the same
amount of u and d quarks, the contributions from PDFs
cancel in ratio in a1,3 terms, hence the APV is sensi-
tive to sin2 ✓W directly: APV ⇡ 20

3 sin2 ✓W � 1. Figure
2 shows the sin2 ✓W projection from SoLID along with
other existing and proposed measurements.

In the context of new physics searches, PVDIS can
not be described only by the one-boson exchange. The
e↵ective electron-quark couplings in terms of individual
gA and gV are not valid anymore. Instead, the e↵ective
weak coupling constants C1q,2q are used. In the leading
order of one-boson exchange, they correspond to [9]:

C1u = 2ge
A
gu
V
, C2u = 2ge

V
gu
A
, (7)

C1d = 2ge
A
gd
V
, C2d = 2ge

V
gd
A
, (8)
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effective coupling constants. Left: The phase-space of the axial-vector and vector-axial electron-quark
effective coupling constants can be constraints by using SoLID PVDIS measurements combined with other
precision measurements. Present measurements predict non zero electron-quark coupling constants and an
agreement with the SM predictions [11]. Right: A polar plot of the mass scales of new parity violating
physics interactions assuming a new physics coupling strength of g2 = 4p . The small brown color region
shows present reach of the mass scales based on combined results from 6 GeV PVDIS and other precision
experiments [11] while the large orange color region is the expanded sensitivity assuming final precision
from Qweak [2] and SoLID PVDIS.

kinematic range. The proposed two different electron beam energies, at 11 GeV and 6.6 GeV, will
provide range of Q2 values for each xbjk.

The cryogenic solenoidal magnet from CLEO-II experiment will be refurbished and imple-
ment as the SoLID magnet after certain modifications to match SoLID specifications. Gas Electron
Multiplier detectors (GEMs) will be used as tracking detectors implemented within the solenoidal
magnetic field and in downstream of the magnet where main particle detectors are located [12].
The light gas Cerenkov and the electromagnetic calorimeter will primarily be used to particle iden-
tification and reject the pion background [12]. The proposed data acquisition (DAQ) system will be
based on pipe-lined electronics for triggering and data readout to accommodate very high rates of
above 1 MHz. The detectors will be triggered and readout independently for azimuthally separated
sectors to increase the readout rate. An upgraded Compton polarimeter and a superconducting
Møller polarimeter will both assumed to be readily available by the time SoLID program will start
taking data.

4. Summary

The SoLID apparatus is design to have a broad physics program. The PVDIS program dis-
cussed in the proceeding is only a part of this physics program. The semi-inclusive deep inelastic
scattering (SIDIS) program using SoLID will measure single and double spin asymmetries to ac-

5

FIG. 3. (Color online) The phase-space of the linear combina-
tions of axial-vector and vector-axial electron-quark e↵ective
coupling constants for existing measurements [7] and a pro-
jection including measurements from SoLID project.

where gA and gV are the axial and vector couplings of
electrons and up/down quarks. If one neglects sea quarks
in the valence region, then

a1 =
6

5
(2C1u � C1d), a3 =

6

5
(2C2u � C2d). (9)

At large y, APV is sensitive to the C2q, the coupling
that can’t be studied in low energy reactions due to
large and uncertain radiative corrections. Figure 3 shows
existing and expected results on linear combinations of
electron-quark weak coupling constants for existing mea-
surements and a projection after including measurements
from SoLID proposal.
By measuring C1q,2q, one can set constraints on new

contact interactions, such as a possible lepto-phobic Z
boson. To quantify and compare the physics reach of
various experiments, one can quote mass limits within

• The combination                     is known to within ~50% from the JLAB 6 GeV experiment:

• The combination                      is severely constrained by Qweak and Atomic Parity violation.       
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Abstract. A high intensity polarized positron beam, as part of the JLAB 12 GeV program or the proposed electron-ion collider
(EIC), will provide a unique opportunity for testing the Standard Model (SM) and probing for new physics. High lumninosity
and the combination of polarized electrons and positrons incident on protons and deuterons can isolate important e↵ects, enhance
signal over background, and distinguish between possible new physics scenarios. A comparison of cross sections between polarized
electron and positron beams will allow for a precision extraction of the poorly known weak neutral current coupling combination
2C3u�C3d and would complement the proposed plan for a precision extraction of combination 2C2u�Cd at the EIC. These precision
measurements of these neutral weak couplings would constrain new physics scenarios including Leptoquarks, R-parity violating
supersymmetry, and electron and quark compositeness in a manner that complements limits from other low energy experiments and
colliders. The dependence of the charged current cross section on the longitudinal polarization of the positron beam will provide
independent probes to test the chiral structure of the electroweak interactions, constraing Left-Right symmetric models. A polarized
positron can probe charged lepton flavor violation (CLFV) through a search for e

+ ! ⌧+ transitions in a manner that is independent
and complementary to the proposed e

� ! ⌧� searches at the EIC.

INTRODUCTION

EIC luminosity ⇠ 1033�34 cm�2
s
�1

p
s ⇠ 10 � 100 GeV, upgradable to

p
s ⇠ 150 GeV

12 GeV, luminosity ⇠ 1039 cm�2
s
�1

2C1u �C1d

NEUTRAL WEAK COUPLINGS

For electron-hadron scattering, the weak neutral current can be parameterized in terms of contact interactions
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in the region where the virtuality of the exchanged boson satisfies Q
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2
Z
, where MZ is the Z-boson mass and

GF denotes Fermi’s constant. The Ciq coe�cients denote the e↵ective couplings and in the single boson exchange
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Going beyond the single boson exchange approximation, the e↵ective couplings can no longer be written as products
of the electron and quark weak couplings and are instead denoted by C1q = g

eq

AV
,C2q = g

eq

VA
,C3q = g

eq

AA
. A comparison

of the measured values of the Ciq couplings with the SM predictions can be used to set limits of the scale ⇤ at which
new interactions may arise. At low energies, well below the scale ⇤, these new interactions can be parametrized by
the e↵ective Lagrangian:
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where the mass limit for ⇤ is defined with the convention g
2 = 4⇡. The coe�cients ⌘`q

i j
take on the values of either +1

or �1, allowing for the possibility of constructive or destructive interference with the SM contributions. These new
The Ciq coe�cients can now be written as the sum of the SM and new physics contributions Ciq = Ciq(SM) + �Ciq,
where:
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Precision measurements of the Ciq constrain the deviations the possible deviations �Ciq which can be converted into
a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q

i j
.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
g

e

V
⇡ 0). They have been recently accessed through parity violating deep inelastic scattering which uses polarized

electron beams to measure the cross section asymmetry between left-handed and right-handed electrons

APV =
d�L � d�R

d�L + d�R

. (9)

Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.

Going beyond the single boson exchange approximation, the e↵ective couplings can no longer be written as products
of the electron and quark weak couplings and are instead denoted by C1q = g
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Precision measurements of the Ciq constrain the deviations the possible deviations �Ciq which can be converted into
a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q

i j
.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
g

e

V
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electron beams to measure the cross section asymmetry between left-handed and right-handed electrons
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Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.

• The JLAB 12 GeV (SoLID) program is expected to measure                       to within 10%. 
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a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q
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.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
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electron beams to measure the cross section asymmetry between left-handed and right-handed electrons

APV =
d�L � d�R

d�L + d�R

. (9)

Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.

• The EIC can further improve on the JLAB 12 GeV expected result by a factor of 2 or 3 at 100fb^(-1).

Status of WNC Couplings
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Fig. 8: (Color Online) The projected uncertainties on the weak mixing angle vs. average µorQ of the measurement are
shown at the appropriate average µ (or Q) values for the integrated luminosity of 267 fb�1 per nucleon in electron-
deuteron collisions for di↵erent energy configurations at an EIC. The existing measurements and other projected
determinations at lower µ anticipated over the next decade are also shown for comparison. The scale dependence of
the weak mixing angle is defined in the modified minimal subtraction scheme (MS scheme) [25].

into account the corrections of QED radiation of scattered
electrons at next-to-leading order accuracy and bin mi-
grations due to finite detector resolutions. Di↵erent beam
energy configurations, under discussion for a future EIC
have been investigated.

The ��Z interference structure functions provide unique
combinations of unpolarized and polarized PDFs in the
parton model. Moreover, they have direct sensitivity to
unpolarized and polarized strange quark distributions. Along
with the charged-current mediated structure functions [5],
these structure functions could be very impactful input
for a clean extraction of individual PDFs. The combined
measurements also provide an opportunity to test SU(3)
flavor symmetry. The study shows that higher center-of-
mass with high luminosity is favorable for such extraction.
The major systematic uncertainty of such measurements
stems from the uncertainties in the measurements of the
polarization of the electron and proton beams. The re-
quirement on the accuracy of electron (proton) beam po-
larimeters is < 1% (< 3%). A recent combined analysis
with unpolarized data from both H1 and ZEUS at HERA
has showed a slightly better precision on the F �Z

3 measure-
ment [26]. However, the study proposed at an EIC would
be far more powerful in constraining F �Z

1 since it is the
dominant contribution to the parity-violating asymmetry.

The measurements of the weak mixing angle accessible
at a future EIC are in a unique Q2 region where there are
no proposed measurements in the following decade. Pio-
neering measurements in this region were carried out by
HERA. A combined QCD analysis on the weak mixing an-
gle at HERA covers a broad high Q2 region [27], while the
precision is significantly lower in the Q2 region covered by
the proposed EIC measurements. The impact of the mea-
surements will depend on the status of searches for physics
beyond the Standard Model. There could be growing in-
terest in such measurements depending on the outcomes
of new physics searches at the LHC and elsewhere.

Armed with these results, a comprehensive study on
PDF fits is planned for both unpolarized and polarized
distributions. The study will be focused on the impact on
individual PDFs when combining data of di↵erent world
data subsets with EIC projections. It might be interesting
to know how well the s and �s distributions could be
constrained without using semi-inclusive measurements.
Another interesting topic is the impact of the improved
unpolarized PDFs to LHC physics with EIC data.

In summary, a future EIC, with its high energy and
high luminosity, opens up a new window for the study
of neutral current electroweak physics. New unpolarized
and polarized � � Z interference structure functions can

(SI)DIS cross-sections 
at the EIC 
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FIG. 1. (Color online) SoLID spectrometer for the PVDIS
program.

is the fractional energy loss of the incident electron. The
a1,3 terms are

a1(x) = 2ge
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F �Z

1

F �

1

, (3)
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The F �Z

1,3 functions are ��Z interference structure func-
tions. In the parton model at the leading order, they can
be written as:

F �Z

1 =
X

f

eqf (gV )qf (qf + q̄f ), (5)

F �Z

3 = 2
X

f

eqf (gA)qf (qf � q̄f ). (6)

The vector couplings gV of quarks and electrons are a
function of sin2 ✓W . For an iso-scalar target, such as a
deuteron in the valence region, which carries the same
amount of u and d quarks, the contributions from PDFs
cancel in ratio in a1,3 terms, hence the APV is sensi-
tive to sin2 ✓W directly: APV ⇡ 20

3 sin2 ✓W � 1. Figure
2 shows the sin2 ✓W projection from SoLID along with
other existing and proposed measurements.

In the context of new physics searches, PVDIS can
not be described only by the one-boson exchange. The
e↵ective electron-quark couplings in terms of individual
gA and gV are not valid anymore. Instead, the e↵ective
weak coupling constants C1q,2q are used. In the leading
order of one-boson exchange, they correspond to [9]:

C1u = 2ge
A
gu
V
, C2u = 2ge

V
gu
A
, (7)

C1d = 2ge
A
gd
V
, C2d = 2ge

V
gd
A
, (8)
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Figure 4: Axes are linear combinations of axial-vector quark-electron and vector-axial quark-electron
effective coupling constants. Left: The phase-space of the axial-vector and vector-axial electron-quark
effective coupling constants can be constraints by using SoLID PVDIS measurements combined with other
precision measurements. Present measurements predict non zero electron-quark coupling constants and an
agreement with the SM predictions [11]. Right: A polar plot of the mass scales of new parity violating
physics interactions assuming a new physics coupling strength of g2 = 4p . The small brown color region
shows present reach of the mass scales based on combined results from 6 GeV PVDIS and other precision
experiments [11] while the large orange color region is the expanded sensitivity assuming final precision
from Qweak [2] and SoLID PVDIS.

kinematic range. The proposed two different electron beam energies, at 11 GeV and 6.6 GeV, will
provide range of Q2 values for each xbjk.

The cryogenic solenoidal magnet from CLEO-II experiment will be refurbished and imple-
ment as the SoLID magnet after certain modifications to match SoLID specifications. Gas Electron
Multiplier detectors (GEMs) will be used as tracking detectors implemented within the solenoidal
magnetic field and in downstream of the magnet where main particle detectors are located [12].
The light gas Cerenkov and the electromagnetic calorimeter will primarily be used to particle iden-
tification and reject the pion background [12]. The proposed data acquisition (DAQ) system will be
based on pipe-lined electronics for triggering and data readout to accommodate very high rates of
above 1 MHz. The detectors will be triggered and readout independently for azimuthally separated
sectors to increase the readout rate. An upgraded Compton polarimeter and a superconducting
Møller polarimeter will both assumed to be readily available by the time SoLID program will start
taking data.

4. Summary

The SoLID apparatus is design to have a broad physics program. The PVDIS program dis-
cussed in the proceeding is only a part of this physics program. The semi-inclusive deep inelastic
scattering (SIDIS) program using SoLID will measure single and double spin asymmetries to ac-
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FIG. 3. (Color online) The phase-space of the linear combina-
tions of axial-vector and vector-axial electron-quark e↵ective
coupling constants for existing measurements [7] and a pro-
jection including measurements from SoLID project.

where gA and gV are the axial and vector couplings of
electrons and up/down quarks. If one neglects sea quarks
in the valence region, then

a1 =
6

5
(2C1u � C1d), a3 =

6

5
(2C2u � C2d). (9)

At large y, APV is sensitive to the C2q, the coupling
that can’t be studied in low energy reactions due to
large and uncertain radiative corrections. Figure 3 shows
existing and expected results on linear combinations of
electron-quark weak coupling constants for existing mea-
surements and a projection after including measurements
from SoLID proposal.
By measuring C1q,2q, one can set constraints on new

contact interactions, such as a possible lepto-phobic Z
boson. To quantify and compare the physics reach of
various experiments, one can quote mass limits within

• The combination                     is known to within ~50% from the JLAB 6 GeV experiment:

• The combination                      is severely constrained by Qweak and Atomic Parity violation.       

Using Polarized Positrons to Probe the Standard Model

Yulia Furletova1,a) and Sonny Mantry2,b)

1
Je↵erson Lab, Newport News, VA, 23606, USA

2
The University of North Georgia, Dahlonega, GA, 30597, USA

a)yulia@jlab.org
b)Sonny.Mantry@ung.edu

Abstract. A high intensity polarized positron beam, as part of the JLAB 12 GeV program or the proposed electron-ion collider
(EIC), will provide a unique opportunity for testing the Standard Model (SM) and probing for new physics. High lumninosity
and the combination of polarized electrons and positrons incident on protons and deuterons can isolate important e↵ects, enhance
signal over background, and distinguish between possible new physics scenarios. A comparison of cross sections between polarized
electron and positron beams will allow for a precision extraction of the poorly known weak neutral current coupling combination
2C3u�C3d and would complement the proposed plan for a precision extraction of combination 2C2u�Cd at the EIC. These precision
measurements of these neutral weak couplings would constrain new physics scenarios including Leptoquarks, R-parity violating
supersymmetry, and electron and quark compositeness in a manner that complements limits from other low energy experiments and
colliders. The dependence of the charged current cross section on the longitudinal polarization of the positron beam will provide
independent probes to test the chiral structure of the electroweak interactions, constraing Left-Right symmetric models. A polarized
positron can probe charged lepton flavor violation (CLFV) through a search for e

+ ! ⌧+ transitions in a manner that is independent
and complementary to the proposed e

� ! ⌧� searches at the EIC.

INTRODUCTION

EIC luminosity ⇠ 1033�34 cm�2
s
�1

p
s ⇠ 10 � 100 GeV, upgradable to

p
s ⇠ 150 GeV

12 GeV, luminosity ⇠ 1039 cm�2
s
�1

2C1u �C1d

NEUTRAL WEAK COUPLINGS

For electron-hadron scattering, the weak neutral current can be parameterized in terms of contact interactions

L = GFp
2

X

`,q


C1q

¯̀�µ�5`q̄�µq +C2q
¯̀�µ`q̄�µ�5q +C3q

¯̀�µ�5`q̄�µ�5q

�
, (1)

in the region where the virtuality of the exchanged boson satisfies Q
2 ⌧ M

2
Z
, where MZ is the Z-boson mass and

GF denotes Fermi’s constant. The Ciq coe�cients denote the e↵ective couplings and in the single boson exchange
approximation in the Standard Model (SM), they take the form C1q = g
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Going beyond the single boson exchange approximation, the e↵ective couplings can no longer be written as products
of the electron and quark weak couplings and are instead denoted by C1q = g

eq

AV
,C2q = g

eq

VA
,C3q = g

eq

AA
. A comparison

of the measured values of the Ciq couplings with the SM predictions can be used to set limits of the scale ⇤ at which
new interactions may arise. At low energies, well below the scale ⇤, these new interactions can be parametrized by
the e↵ective Lagrangian:
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where the mass limit for ⇤ is defined with the convention g
2 = 4⇡. The coe�cients ⌘`q

i j
take on the values of either +1

or �1, allowing for the possibility of constructive or destructive interference with the SM contributions. These new
The Ciq coe�cients can now be written as the sum of the SM and new physics contributions Ciq = Ciq(SM) + �Ciq,
where:
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Precision measurements of the Ciq constrain the deviations the possible deviations �Ciq which can be converted into
a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q

i j
.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
g

e

V
⇡ 0). They have been recently accessed through parity violating deep inelastic scattering which uses polarized

electron beams to measure the cross section asymmetry between left-handed and right-handed electrons

APV =
d�L � d�R

d�L + d�R

. (9)

Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.
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of the electron and quark weak couplings and are instead denoted by C1q = g
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Precision measurements of the Ciq constrain the deviations the possible deviations �Ciq which can be converted into
a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q

i j
.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
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⇡ 0). They have been recently accessed through parity violating deep inelastic scattering which uses polarized

electron beams to measure the cross section asymmetry between left-handed and right-handed electrons
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Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.

• The JLAB 12 GeV (SoLID) program is expected to measure                       to within 10%. 
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a mass limit for ⇤ to constrain . Note that di↵erent observables, constructed from the polarized electron and positron
beams, probe unique chiral structures corresponding to specific combinations of the Ciq, or equivalently, the ⌘`q
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.

Thus, the mass limit ⇤ obtained from each observable corresponds to the constraining a specific chiral structure,
complementing constraints obtained from colliders and other low energy experiments. Precision measurements of
the Ciq couplings through di↵erent observables can constrain new physics scenarios including Leptoquark models,
R-parity violating supersymmetry, and electron and quark compositeness.

The C1,2q couplings are parity-violating and various combinations of these couplings, appearing in di↵erent
observables, have been measured with increasing precision over the past two decades. Combinations of the C1q coe�-
cients have best been measured through atomic parity violation [1] and elastic parity violating electron scattering [2].
The C2q couplings are more challenging due to their relatively small values in the SM (since sin2 ✓W ⇡ 1/4, implying
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⇡ 0). They have been recently accessed through parity violating deep inelastic scattering which uses polarized

electron beams to measure the cross section asymmetry between left-handed and right-handed electrons
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Recently [3] at Je↵erson Lab (JLAB), 6 GeV polarized electrons incident on a unpolarized deuteron target were used
to extract the combination 2C2u � C2d = �0.145 ± 0.068 at Q

2 = 0, showing for the first time that this combination
is non-zero at the 95% confidence level. The mass limit [3] on the new physics scale corresponding this measurement
is ⇤+ > 5.7 TeV and ⇤� > 4.5 TeV for constructive and destructive interference of the new physics with the SM
respectively. The SoLID [4] spectrometer as part of the JLAB 12 GeV program is expected to further improve the
precision of this measurement. The EIC can provide even further improvement due to its wide kinematic range coupled
with high luminosity, allowing for enhanced sensitivity to the combination 2C2u �C2d over a wide range of Q

2.
By contrast, experimental data on the C3q couplings are quite sparse. They are parity-conserving but charge-

conjugation-violating (charge conjugation of the lepton charge) and can be accessed through a comparison of cross
sections of polarized leptons and anti-leptons scattering o↵ a nuclear target. The only experiment to measure a charge
conjugation asymmetry was at CERN [5] and used polarized muon and anti-muon beams scattering o↵ a Carbon target.
A muon/anti-muon beam energy of 200 GeV was used to extract the combination 0.81(2C2u � C2d) + 2C3u � C3d =
1.53± 0.45. Using the current experimental value [3] of 2C2u �C2d = �0.145± 0.068, we can extract the combination
of C3q couplings as 2C3u �C3d = 1.65 ± 0.453.

• The EIC can further improve on the JLAB 12 GeV expected result by a factor of 2 or 3 at 100fb^(-1).

Status of WNC Couplings

    
[Y.X.Zhao (SoLID Collaboration)]
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Fig. 8: (Color Online) The projected uncertainties on the weak mixing angle vs. average µorQ of the measurement are
shown at the appropriate average µ (or Q) values for the integrated luminosity of 267 fb�1 per nucleon in electron-
deuteron collisions for di↵erent energy configurations at an EIC. The existing measurements and other projected
determinations at lower µ anticipated over the next decade are also shown for comparison. The scale dependence of
the weak mixing angle is defined in the modified minimal subtraction scheme (MS scheme) [25].

into account the corrections of QED radiation of scattered
electrons at next-to-leading order accuracy and bin mi-
grations due to finite detector resolutions. Di↵erent beam
energy configurations, under discussion for a future EIC
have been investigated.

The ��Z interference structure functions provide unique
combinations of unpolarized and polarized PDFs in the
parton model. Moreover, they have direct sensitivity to
unpolarized and polarized strange quark distributions. Along
with the charged-current mediated structure functions [5],
these structure functions could be very impactful input
for a clean extraction of individual PDFs. The combined
measurements also provide an opportunity to test SU(3)
flavor symmetry. The study shows that higher center-of-
mass with high luminosity is favorable for such extraction.
The major systematic uncertainty of such measurements
stems from the uncertainties in the measurements of the
polarization of the electron and proton beams. The re-
quirement on the accuracy of electron (proton) beam po-
larimeters is < 1% (< 3%). A recent combined analysis
with unpolarized data from both H1 and ZEUS at HERA
has showed a slightly better precision on the F �Z

3 measure-
ment [26]. However, the study proposed at an EIC would
be far more powerful in constraining F �Z

1 since it is the
dominant contribution to the parity-violating asymmetry.

The measurements of the weak mixing angle accessible
at a future EIC are in a unique Q2 region where there are
no proposed measurements in the following decade. Pio-
neering measurements in this region were carried out by
HERA. A combined QCD analysis on the weak mixing an-
gle at HERA covers a broad high Q2 region [27], while the
precision is significantly lower in the Q2 region covered by
the proposed EIC measurements. The impact of the mea-
surements will depend on the status of searches for physics
beyond the Standard Model. There could be growing in-
terest in such measurements depending on the outcomes
of new physics searches at the LHC and elsewhere.

Armed with these results, a comprehensive study on
PDF fits is planned for both unpolarized and polarized
distributions. The study will be focused on the impact on
individual PDFs when combining data of di↵erent world
data subsets with EIC projections. It might be interesting
to know how well the s and �s distributions could be
constrained without using semi-inclusive measurements.
Another interesting topic is the impact of the improved
unpolarized PDFs to LHC physics with EIC data.

In summary, a future EIC, with its high energy and
high luminosity, opens up a new window for the study
of neutral current electroweak physics. New unpolarized
and polarized � � Z interference structure functions can

(SI)DIS cross-sections 
at the EIC CSV relevant in cross-sections/asymmetry 

measurements at the percent-level
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